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Glossary 
Battery A device consisting of one or many electrochemical 
cells connected together, in which chemical energy is 
converted into power. These can be further categorized 
as primary (non-rechargeable) or secondary 
(rechargeable) systems. 
Capacity The amount of charge that a battery contains, often 
expressed as mAh or Ah. This depends on the size of 
the battery and its chemistry. Rated capacity also 
depends on the current used. 
Cathode 
(positive electrode) 
This electrode accepts electrons during cell discharge 
Anode 
(negative electrode) 
This electrode donates electrons during cell discharge. 
Cell  One unit of a battery, commonly consisting of an 
anode, a cathode, an electrolyte, a separator, and two 
current collectors. 
Energy density or specific 
energy 
Energy per unit volume or weight of a material or 
a device, respectively, often expressed as Wh/L or 
Wh/kg. Energy is a product of the cell voltage and 
capacity per unit volume or weight. 
Power density and specific 
power 
Power per unit volume or weight, respectively, often 
expressed as W/L or W/kg. Power is the product of the 
current and the operating voltage. This is a function 
both of the materials used and the cell design. 
Practical energy density or 
specific energy 
This energy is based on the entire weight or volume of 
the device including inert components. It may be only 
1/4–1/2 of the theoretical energy density. It may also 
refer only to the useable portion of the theoretical 
capacity of the anode or cathode material itself. 
Ragone plot A plot showing the relationship between energy density 
and power density for any particular battery chemistry. 
This relationship is a function both of battery design 
and chemistry for Li-ion batteries. 
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Solid electrolyte interface 
(SEI) 
A very thin (nanometer scale) layer formed on a lithium 
or lithiated graphite anode, which develops upon 
reaction with certain kinds of electrolytic solutions. The 
SEI is a specific kind of reaction layer that is ionically 
conductive but electronically insulating. It passivates 
the electrode, preventing further reaction with the 
electrolytic solution, and allows reversible operation of 
the device. 
Specific capacity The amount of charge per unit weight that a battery 
electrode material contains, often expressed as mAh/g. 
This is a fundamental characteristic of the material, and 
depends upon its redox chemistry and structure. 
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Abbreviation 
BSE Back scattering electron 
CB Carbon black 
CP Chrono-potentiometry 
CV Cyclic voltammetry 
DSC Differential scanning calorimetry 
EIS Electrochemical impedance spectroscopy 
FTIR Fourier transformation infrared spectroscopy 
FWHM Full width half maximum 
HOMO Highest occupied molecular orbitals 
IR Infrared spectroscopy 
LUMO Lowest unoccupied molecular orbitals 
OCV Open circuit voltage 
SE Secondary electron 
SEM Scanning electron microscope 
SWCNT Single wall carbon nanotube 
TGA Thermal gravitational analysis 
XRD X-ray diffraction 
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Abstract 
Lithium iron phosphate (LiFePO4) is a promising cathode material for lithium-ion batteries. In 
the past few years many improvements have led to consistent cycling capabilities, even at 
high rates. LiFePO4 is being commercialized as a cathode material in batteries for power 
tools, and is a serious candidate for the future batteries of hybrid-electric or electric vehicles. 
It can also be commercialized for other applications requiring a low-cost and safe battery, but 
its low intrinsic electrical conductivity and low Li-ion diffusion are two major disadvantages.  
Many groups have shown that battery performance can be enhanced by addition of carbon, 
during synthesis or post-synthesis carbon coating through various techniques to improve 
electrical conductivity. Simplification or even minimization of carbon-coating methods is one 
area of improvement which could help to reduce cost and increase efficiency. 
These carbon additives can cause multiple effects on purity, crystallinity and the 
electrochemical performance of the final cathode material (LiFePO4) and therefore makes it 
difficult to optimise the quantity and specific type of carbon that needs to be added during the 
synthesis of LiFePO4.All synthetic procedures reported in the literature, however, show that 
carbon is always present in some form in the final product. In this thesis study, in order to 
evaluate the effect of various carbon additives unambiguously, a novel one-step co-
precipitation method was developed for synthesis of carbon-free LiFePO4. A series of 
LiFePO4/Carbon composites were prepared where the composites were synthesised at 550, 
650 and 750 
o
C containing 5, 10 or 20 wt% carbons. Two forms of carbon additives were 
tested; single wall carbon nanotubes (SWCNT) and carbon black (CB). These carbons were 
added at one of two different stages; (1) during pre-synthesis, mixed with the LiFePO4 
precursors, or (2) in post-synthesis, during the electrode preparation. This approach helped to 
investigate the effect that the carbon type, carbon content, mode of mixing (pre synthesis or 
post synthesis) and temperature have on the electrochemical performance of the active 
component.  
The topic of electron conductivity and Li-ion diffusion LiFePO4 is also very relevant, 
especially since this material is now touted as an important high-rate capability cathode. To 
investigate these effects, cyclic voltammetry, charge-discharge and electrochemical 
impedance spectroscopy measurements were performed. It was found that the cell discharge 
capacity, rate capacity and electronic conductivity of the electrode depended on the type of 
carbon used. The use of a 5 wt. % loading of SWCNTs as conductive additive to LiFePO4 
composites prepared at 750 °C was found to improve the electrochemical performance of 
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cells compared to cells containing CB additives. The LiFePO4 with 5 wt. % SWCNTs mixed 
pre-synthesis and then synthesised at 750 °C demonstrates a smaller resistance to charge-
transfer (RCT = 59) and good kinetic behaviour (2.9 x 10
-8
 cm
2
/s), and has the highest 
specific capacity (93 mAh/g and 48 mAh/g at C/20 and C/5 respectively) than any other 
sample except for the one with 10 wt% SWCNT. The latter demonstrates slightly improved 
specific capacity at C/20 (94 mAh/g) and better Li-ion kinetic behaviour (3.3 x 10
-7
 cm
2
/s) but 
a worse specific capacity at C/5 (46 mAh/g), probably because the charge-transfer resistance 
is significantly higher (RCT = 239). Therefore, the optimisation of cell performance involves 
optimisation of Li-ion and electron transport and the charge transfer at the 
electrode/electrolyte interface.  
Therefore, it is important to note that the material synthesised according to the novel, single-
step, co-precipitation procedure described in this thesis can be applied to many other 
LiFePO4-carbon composite cathode materials, to compare and evaluate the effect of various 
carbon additives on the electrochemical performance of cathode materials. 
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Chapter 1 Introduction to Li-ion Batteries 
The purpose of this Chapter is to provide the general context for the research project. It gives 
the theoretical background on the fundamental principles on which the electric energy storage 
devices are based on. Further, it provides a brief introduction to lithium ion batteries and their 
components with an emphasis on the cathode materials. The chapter also highlights the 
shortcomings of the cathode materials that are currently used in commercial cells and the 
significance of overcoming these issues by developing alternative cathode materials based on 
polyanionic compounds more specifically lithium iron phosphate (LiFePO4). The Chapter 
finishes with aims of the project and overall thesis structure. 
1.1 Introduction 
An electrochemical cell stores chemical energy in two electrodes of different electrochemical 
potential; a reductant (the anode) and an oxidant (the cathode), separated by an electrolyte. 
The electrolyte conducts the ionic component of the chemical reaction between the anode and 
the cathode, but it forces the electronic component to traverse an external circuit where it does 
work. The electrical energy is generated by conversion of chemical energy via 
reduction/oxidation (redox) reactions at the anode and cathode. This process enables the 
conversion of chemical energy and also the storage of electrochemical energy within the cell. 
Power is released by batteries in the form of electric current which is generated by a chemical 
reaction between electrodes and electrolyte. Electric energy storage devices can be classified 
according to their energy density (E) and power density (P). Energy density, or specific 
energy, can be either the amount of energy stored per unit of mass, also known as gravimetric 
energy density (Wh/kg), or per unit of volume (Wh/L). Power density, or specific power, is 
usually given gravimetrically as a measure of power provided per unit of mass (W/kg). Power 
density, P, is related to the strength of a given current and voltage combination, while energy 
density, E, is related to the duration of time that power can be applied. The performance of 
batteries is largely dependent on the properties of the materials that are used to construct these 
devices [1]. 
1.2 Commercialisation of Li-battery 
Since 1970, the very high theoretical specific capacity of elemental lithium (3,861 mAh/g) 
and its total energy density of ionisation (11700 mWh/g) provided a compelling rationale for 
the development of rechargeable batteries. In 1990, Sony announced the first commercial 
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batteries based on a dual Li-ion intercalation structure into/from which working cations (Li
+
) 
can be inserted/extracted reversibly over a large solid-solution range. Sony combined the 
LiCoO2 cathode with a carbon anode to make the first successful Li
+
-ion battery, which now 
dominates the lithium battery market. The essential elements of the Sony cell are shown 
schematically in Figure 1.1.  
 
Figure 1.1 Schematic of a common lithium ion battery. In a discharging battery, the cathode is 
the positive electrode, at which electrochemical reduction takes place whereas the 
anode is the negative electrode, respectively (indicated as minus and plus poles).  
The cell consists of a positive electrode composed of a thin layer of powdered LiCoO2 
mounted on aluminium foil, and a negative electrode formed from a thin layer of powdered 
graphite, or certain other carbons, mounted on a copper foil. The two electrodes are separated 
by a porous plastic film (separator) soaked typically in LiPF6 dissolved in a mixture of 
dimethyl carbonate and ethylene carbonate. These devices are assembled in the discharged 
state, so that it is convenient to employ a pre-lithiated cathode such as LiCoO2 with the 
commonly used graphite anode. After charging, the batteries are ready to power devices.  
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Charging the cell involves diffusion of Li
+
 ions within the LiCoO2 particles towards their 
interface with the electrolyte. The Li
+
 ions then move across the electrolyte and are finally 
intercalated between the carbon layers in the graphite electrode. The rate determining step of 
this process is the lithium diffusion in and out of the electrode structures. Because of the 
relatively low ionic mobility in the electrolyte and in the electrodes these electrochemical 
cells have large-area electrodes. Discharging reverses the process moving lithium out of the 
graphite and reforming LiCoO2. The lithium ions flow through the electrolyte whereas the 
electrons generated from the reaction, Li = Li
+
 + e
-
, go through the external circuit to do work. 
At the cathode e
-
and Li
+
 neutralise one another. The Sony cell has an average potential of 3.6 
– 3.7 V which is almost three times that of Ni-Cd so that three conventional cells can be 
replaced by only one lithium cell.  
The practical realisation of high energy density Li-ion batteries revolutionized the portable 
electronics industry, as evidenced by the widespread market penetration of mobile phones, 
laptop computers, digital music players, and other lightweight devices, since the early 1990s. 
However, there is a limited availability of cobalt, which causes it to have a high price. The 
main obstacles for large-scale application of the current Li-batteries are; 
 Capacity of the LiCoO2 cell is relatively low at around 130 - 140 mAh/g because only 
around 0.5 Li per Co can be reversibly cycled without causing cell capacity loss due to 
changes in the LiCoO2 structure.  
 O2 evolution on overcharging (x > 0.5) gives a high pressure inside a sealed cell,  
 Co is expensive, 
 Co is toxic. 
The price of cobalt limits its use to small cells, such as those used in computers, cell phones, 
and cameras. An alternative cathode will be needed for large-scale applications, as envisioned 
in electric vehicles or for load levelling [2, 3]. Today’s technologically important cathodes 
fall into two broad categories: metal oxides and polyanionic compounds. The oxide-based 
materials; LiNiO2, and the spinel LiMn2O4 and all their substituted variations have been 
extensively studied as positive electrode materials. However, in 1997 the report [4] on the 
electrochemical properties of LiFePO4 shifted the attention from oxides to polyanionic 
compounds. 
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1.3 Theoretical Considerations 
The energy storage and power characteristics of electrochemical energy conversion systems 
follow directly from the thermodynamic and kinetic formulations for chemical reactions. 
These are discussed in a series of publications by Goodenough et al. [2, 3, 5-7] and also by 
Whittingham et al.[8-10]. For convenience, the fundamental aspects are summarised in this 
section.  
1.3.1 Thermodynamics 
The basic thermodynamic equation for a reversible electrochemical transformation is given as: 
Equation 1.1 ∆𝑮 = ∆𝑯− 𝑻∆𝑺 
where G is the available energy free for useful work, H is the enthalpy, or the energy 
released by the reaction, S is the entropy, and T is the absolute temperature, with TS is the 
heat associated with the organization/disorganization of materials. In electrical terms, the net 
available electrical energy from a reaction in a cell is given by: 
Equation 1.2 ∆𝑮 = −𝒏𝑭𝑬 
where n is the number of electrons transferred per mole of reactants, F is the Faraday constant, 
equal to the charge of one equivalent of electrons, and E is the voltage of the cell which is 
unique for each reaction couple (anode/cathode couple). The amount of electricity produced, 
nF, is determined by the total amount of materials available for reaction and can be thought of 
as a capacity factor; the cell voltage can be considered to be an intensity factor. By measuring 
the cell voltage as a function of temperature, the various thermodynamic quantities for the 
materials in an electrode reaction can be determined experimentally.   
Assuming thermodynamic reversibility of the cell reaction, it is possible to obtain the 
reversible heat effect [11]: 
Equation 1.3 ∆𝑮 = −𝒏𝑭𝑬 = ∆𝑯− 𝑻∆𝑺 = ∆𝑯 − 𝒏𝑭𝑻(𝒅𝑬 𝒅𝑻⁄ ) 
If dE/dT is positive, the cells will heat on charge and cool on discharge. The following 
equation describes total heat exchange with the environment from operation of the cell in an 
irreversible manner, during charge or discharge at finite current rate: 
Equation 1.4 𝒒 = 𝑻∆𝑺 + 𝑰(𝑬𝑶𝑪𝑽 − 𝑬𝑻) 
 
where the heat, q, given off by the system is related to ET, i.e. the practical cell terminal 
voltage and EOCV, which is the voltage of the cell on open circuit, I is the current. This heat is 
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released inside the battery at the reaction site on the surface of the electrode structures. In 
general, the entropic heat is negligibly small compared to the irreversible heat released, q, 
when a cell is in operation. Heat release is not a problem for low-rate applications; however, 
high-rate batteries must make provisions for heat dissipation. Failure to 
accommodate/dissipate heat properly can lead to catastrophic thermal runaway [11]. 
1.3.2 Kinetics 
Thermodynamics describes reactions at equilibrium and the maximum energy release for a 
given reaction. However, the detailed mechanism of battery electrode reactions often involves 
a series of physical, chemical, and electrochemical steps, including charge-transfer and charge 
transport reactions [5, 7, 10, 11]. The rates of these individual steps determine the kinetics of 
the electrode and of the cell.  
The internal resistance of a cell (due to various losses associated with ionic motion across 
electrode/electrolyte interfaces and within the electrolyte) introduces on discharge polarisation 
loss and overvoltage on charge. On discharge, the internal battery resistance to the ionic 
current reduces the output voltage from EOCV by electrode polarisation, , so: 
Equation 1.5 𝑽𝒅𝒊𝒔 = 𝑬𝑶𝑪𝑽 − 𝜼 
On charge, the internal battery resistance to the ionic current increases the voltage required to 
reverse the chemical reaction by an overvoltage, , so: 
Equation 1.6 𝑽𝒄𝒉 = 𝑬𝑶𝑪𝑽 + 𝜼 
According to [11] kinetics effects for polarization, , have to be considered:  
 Activation polarization is related to the kinetics of the electrochemical redox (charge-
transfer) reactions taking place at the electrode/electrolyte interfaces of anode and 
cathode, 
 Ohmic polarization due to the resistance of individual cell components,   
 Concentration polarization is due to mass transport limitations during cell operation.  
Activation polarization arises from kinetics hindrances of the charge-transfer reaction taking 
place at the electrode/electrolyte interface. This type of kinetics can be understood using the 
transition state theory. In these treatments, the path followed by the reaction proceeds by a 
route involving an activated complex, where the rate-limiting step is the dissociation of the 
activated complex [11].  
 
 
~ 6 ~ 
 
Ohmic polarization arises from the resistance of the electrolyte, the conductive component 
(for example carbon black), and materials of construction of the electrodes, current collectors, 
terminals, and contact between particles of the active mass and conductive component or from 
a resistive film on the surface of the electrode. Ohmic polarization appears and disappears 
instantaneously (< 10
-6
 s) when current flows and ceases.  
Concentration polarization arises from limited mass transport capabilities, for example, 
limited diffusion of active species to and from the electrode surface to replace the reacted 
material to sustain the reaction. Diffusion is relatively slow, and the build-up and decay take > 
10
 -2
 s. In other words, the ionic current density of the electrolyte and electrodes, including the 
rate of ion transfer across the electrode/electrolyte interface, is much smaller than the 
electronic current density [2, 6, 7, 12]. 
In practice, to minimise, most battery electrodes are made porous consisting of an 
interconnected matrix of small solid particles. The electrodes and electrolyte have a large 
surface area, a small thickness and are very close to each other. Nevertheless, at high current 
densities, the ionic motion within an electrode and/or across an electrode/electrolyte interface 
is too slow for the charge distribution to reach equilibrium. Thus, the specific capacity 
decreases as the drawn electronic current, I, increases because the chemical reaction at the 
cathode depends on the relatively slow diffusion rate of the working cation (for example, H
+
, 
or Li
+
) into a host cathode structure as well as in the electrolyte.  
1.4 Open Circuit Voltage, EOCV 
If electrons are prevented from flowing (open circuit), the working ions, i.e. H
+
, Li
+
 etc., flow 
from the anode to the cathode to charge the cathode positively and the anode negatively until 
the electrochemical potentials of the two electrodes are equal (A = C). The equilibrium open 
circuit voltage, EOCV is the resulting voltage difference between the two electrodes. The EOCV 
of the cell is a crucial parameter and this should be large. Two factors limit the voltage, EOCV 
that is attainable in the electrochemical cell;  
 Electrode-electrolyte compatibility and, 
 Intrinsic voltage limits of the electrodes.  
 
The fundamental limitations to a battery voltage and key requirements and criteria for 
materials to be used as a cathode or anode in various batteries have been discussed in several 
 
 
~ 7 ~ 
 
excellent comprehensive reviews to which the reader is referred for details [2, 5-10, 12-16]. 
These concepts are briefly summarised in this section with emphasis on Li-battery cathodes. 
1.4.1 Electrode-Electrolyte Compatibility  
The energy gap, Eg between the lowest unoccupied and highest occupied molecular orbitals 
(LUMO and HOMO) of a liquid electrolyte (or the bottom of the conduction band and top of 
the valence band of a solid electrolyte) is called the “window” of the electrolyte [2], and 
hence: 
Equation 1.7 𝑬𝒈 = 𝑬𝑳𝑼𝑴𝑶 − 𝑬𝑯𝑶𝑴𝑶 
When the window of the electrolyte has been determined, it is necessary to plan electrodes 
that have their μA and μC (i.e. their Fermi levels, EF) matched to the ELUMO and EHOMO of the 
electrolyte [2, 5, 12]. Thermodynamic stability requires locating the electrode electrochemical 
potentials μA and μC within the window of the electrolyte (Figure 1.2), which limits the open 
circuit voltage EOCV of a battery cell to: 
Equation 1.8 𝑬𝑶𝑪𝑽 =
𝝁𝑨−𝝁𝑪
𝒆
≤ 𝑬𝒈 
where e is the magnitude of the electron charge. If A is above the ELUMO, the electrolyte is 
reduced by electrons from the anode [2]. Likewise, if μC is located below the EHOMO, the 
electrolyte is oxidised by transferring electrons to the cathode.  
Eg eEOCV =A-C
C
A
HOMOanode
LUMOcathode
Reductant Electrolyte Oxidant
ELUMO
EHOMO
 
Figure 1.2 Relative energies of the electrolyte window Eg and the electrode electrochemical 
potentials μA and μC with no electrode/electrolyte reaction. Adapted from ref [2] 
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Thus, the design of an electrode pair involves matching of the chemical potentials μA of an 
anode or μC of a cathode to the LUMO and HOMO of the electrolyte to be used. In an 
aqueous electrolyte, Eg = 1.23 eV separates the H2O/H2 LUMO and the O2/H2O HOMO, 
which restricts the voltage of the cell, EOCV to < 1.5 V. An aprotic liquid electrolyte with a 
larger window than water would enable the design of a cell with a higher voltage, but the only 
known liquid in which H
+ 
ions are mobile is water. This limits the use of H
+
 ions in water 
based electrolytes to cells with low voltages. The Li
+
 ion is, like H
+
, small and light; moreover, 
lithium offers the highest anodic electrochemical potential energy, μA. Sufficient 
concentration of lithium salts can be dissolved dissociatively into aprotic organic carbonates 
to give a Li-ion conductivity σ, of > 10− 2 S/ cm. Ideally, the electrolyte is an electric isolator 
but should allow fast diffusion of the working ions. Organic carbonates have a ELUMO and a 
EHOMO at about 1.0 and 4.3 eV, respectively, which corresponds to an Eg = 3.3 eV. Usually the 
electrolyte blend contains more than one type of carbonate. These formulations are discussed 
extensively in the literature [17-19]. 
1.4.2 Intrinsic Voltage Limits of Electrodes  
Since the potential of Li in a Li-cell anode, 𝜇𝐴
𝐿𝑖 , is fixed, in order to maximise the cell voltage, 
EOCV, it is necessary to design a cathode material with a low 𝜇𝐶
𝐿𝑖  and ideally with a high 
stability (low energy) for Li
+
 in its sites [16].  
 
The cathode material of a Li-ion cell is an intercalation transition-metal compound (oxide, 
sulphide, phosphate etc.). For Li- battery purposes, intercalation or insertion cathode materials 
may be defined as hosts into which Li
+
 ions and electrons e
-
 may be inserted or removed over 
a broad solid-solution range without a major disruption of the structure. When the Li
+
 ions are 
inserted/extracted, they are charge-compensated by electrons that enter/leave d states of the 
transition-metal cations. It is useful when considering structure–property relationships to 
separate 𝜇𝐶
𝐿𝑖 so that: 
Equation 1.9 𝝁𝑪
𝑳𝒊 = 𝝁𝑪
𝑳𝒊+ + 𝝁𝑪
𝒆− 
where, 𝜇𝐶
𝐿𝑖+and 𝜇𝐶
𝑒−represent the chemical potentials of Li
+ 
and e
-
, respectively. On inserting 
electrons into the cathode, they will enter at the Fermi level, EF and this is the electron energy 
of importance because:  
Equation 1.10 EF = e, 
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where, EF is the electrochemical potential for electrons[16]. This means that, the chemical 
potential of the cathode, C, hence the voltage, EOCV and the specific capacity of the cell, will 
depend on the energy of the electrons, e
-
 and the Li
+
 ions in the cathode [2, 16].  
The site energy for Li
+
 in the cathode is the major factor determining the ion contribution to 
the overall energy of the cell.  To maximise, EOCV cathode material should have low energy at 
the Fermi level where the electrons enter/leave the d states of the transition metal. The lowest 
practically achievable Fermi level and the limiting effect of the cathode anion structure (redox 
couple pinning) on the battery voltage and battery stability are comprehensively discussed by 
Goodenough et al.[2, 3, 5-7, 14, 20, 21] and is illustrated schematically in Figure 1.3 A-C.   
The d states of the transition metal M
n/n+1
 redox couple into/from which the electrons move 
have energies above or at the top of the anion-p bands of the cathode compound. If the d 
electrons are localized at the transition metal cation, the d-electron manifold represents a 
redox couple that is separated by a finite energy, U, from the next formal valence state (Figure 
1.3 A). If a redox couple approaches the top of the anion p bands, covalent admixture of the 
anion-p and cation-d orbitals is large enough for the d states to become itinerant, and the 
cathode Fermi level EFC = C becomes pinned at the top of the anion-p bands on oxidation 
(Figure 1.3 B). If, the d-states lie well below the top of the anion-p bands, oxidation of the 
cathode on the Li
+
-ion removal introduces p-band holes that can be trapped irreversibly in 
antibonding states of an anion-anion bond as in a disulfide (S2)
2-
 ion in TiS2 host or peroxide 
(O2)
2-
 ion in CoO2 host (Figure 1.3 C). This is a serious limitation because the evolution of 
oxygen gas would increase the pressure inside the cell with potentially dangerous 
consequences (see section 1.5).   
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Figure 1.3 Schematic of the energy vs. density of states for the transition-metal redox couples 
and the O anion-p bands relative to the cathode Fermi level. Adapted from ref [2, 
14].  
The redox-couple M
n/n+1
 pinning at the top of an anion p band stabilizes occupied states at the 
expense of empty states and provides an intrinsic voltage limit for a cathode (i.e. lowest 
practical μC)   [7, 14]. In other words, the intrinsic voltage limit of a cathode material occurs 
where EF touches the top of the anion-p bands [12]. In oxides the top of the O:2p band lays at 
a significantly lower energy than the top of the S:3p band in sulphides [2, 6, 14, 16]. As a 
result, Fermi levels in oxides can be more than 2 eV lower, giving rise to potentials of 
between 4 and 5 V vs. the Li
0
/Li
+ 
couple. That is why the modern Li-batteries use oxide 
cathodes rather than chalcogenides such as TiS2 (Li/TiS2; 2.2 V whereas Li/CoO2; 3.7 – 3.9  
V). That is oxides, sulphides and the polyanionic structures are discussed in the next two 
sections, modulate to a different extent the energy at the Fermi level of the transition metal 
redox couple and therefore open up the opportunity to design new cathode materials. 
 
In summary, the challenges for the developer of a rechargeable Li battery for the potential 
mass market of electric vehicles are; (i) a non-aqueous electrolyte of high Li
+
 -ion 
conductivity, (>10
-3
 S/cm) over the practical ambient-temperature range -40 to +60 
o
C that 
has a window allowing a thermodynamically stable EOCV > 4 V and (ii) an anode and (iii) a 
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cathode with their A and C values well matched to the window of the electrolyte as well as 
each allowing a fast charge/discharge cycle of large reversible capacity.  
1.5 Anode and Cathode Materials 
The elemental Li
0
 would be the ideal anode, but A (i.e. the Fermi level, EF) of Li
0
 lies above 
the ELUMO of many common electrolytes (Figure 1.2). The electrolyte/electrode mismatch 
would result in the formation of dendrites that can grow across the electrolyte to short-circuit 
a cell of the battery with dangerous consequences.  
The discovery of the graphitic carbon anode, which forms the compound LiC6 on reaction 
with lithium, led to production of much safer batteries than if pure lithium is used as there is 
much less chance of the formation of dendritic lithium, which can lead to cell shorting. 
However, the use of lithiated graphitic carbon instead of metallic Li imposes a penalty of 
approximately 100-300 mV in the cell potential compared to Li metal. That is, in a graphite 
intercalation compound (GIC) anode, LiC6, has a μA ~ 0.1 – 0.3 eV below μA of metallic 
lithium, Li
0
.  
Considering the commercial LixC6/Li1-xCoO2 cell shown in Figure 1.1 A, the voltage between 
the two electrodes is related to the work the cell can deliver on transferring electrons around 
the external circuit and to the free energy change on transferring Li from one electrode to the 
other[16]. On discharge, Li is transferred from a state of high 𝜇𝐴
𝐿𝑖(high energy) in the negative 
anode to one of low 𝜇𝐶
𝐿𝑖(low energy) in the cathode; as a result work can be done by the cell 
(Figure 1.4). The free energy change associated with the transfer of one mole of Li between 
the two electrodes is equivalent to the difference in the chemical potential of Li in the two 
electrodes. The cell potential, V, is determined by the difference between the chemical 
potential of the lithium in the anode and cathode respectively, so that:  
Equation 1.11 𝑬𝑶𝑪𝑽 = −
𝝁𝑪
𝑳𝒊−𝝁𝑨
𝑳𝒊
𝒏𝑭
 
 
where 𝜇𝐴
𝐿𝑖 and 𝜇𝐶
𝐿𝑖,  are the chemical potentials of Li in the Graphite Intercalation Compound 
(GIC) which is the anode and in the cathode (CoO2) electrodes respectively, n = 1 (since one 
e
-
 is transferred for each lithium) and F is Faraday’s constant.  
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Figure 1.4 Schematic of the energy vs. density of states for the Co
4+
/Co
3+
 redox couple at the top 
of O:2p bands relative to the cathode Fermi level. (A) The litigated graphite anode 
imposes penalty of +0.1 to +0.3 V compared to metallic Li. (B) At a critical O:2p 
component in the antibonding hole states, peroxide ions are formed. Adapted from 
ref [2, 7]  
The schematic energy diagram (Figure 1.4), also shows the μA(Li), μA(LixC6) and μC(Li1-
xCoO2) and their relative energy positions with respect to the EHOMO and ELUMO of a 
carbonate-based electrolyte. ELUMO is below μA(Li) and μA(LixC6) of anode, hence it is not 
well matched to the anode (see next section).  The μC of Li1−xCoO2, on the other hand, is 
better matched to the carbonate EHOMO, but the intrinsic voltage limit restricts the capacity of 
the cell.  
 
Since the practical EHOMO of the organic liquid carbonate electrolytes used in Li-batteries is at 
4.3 eV below μA(Li) or 4.0 eV below μA(LixC6), the voltage of the Li1-xCoO2 layered oxides is 
also self-limited (intrinsic voltage limit) by the energy of the top of the O:2p bands. As shown 
in section 1.4.2 the intrinsic voltage limit of a cathode occurs where μC (Fermi level) is pinned 
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at the top of the anion-p bands. For Li1−xCoO2, this phenomenon is illustrated in Figure 1.4 B. 
On oxidation of the (Co
4+
/Co
3+
) couple, as the energy of the d-electron redox couple is 
lowered below the top of the O:2p bands, holes introduced by oxidation of the redox couple 
by the Li
+
-ion, occupy antibonding states at the top of the bonding O:2p states [5, 20]. At a 
critical fraction of anion-p character, the holes become trapped in surface di-anion molecules, 
e.g., peroxide (O2)
2-
 ion in CoO2 host [5, 20]. The peroxide ions readily lose gaseous O2 in the 
reaction:  
Equation 1.12 𝟐(𝑶𝟐)
𝟐− = 𝟐𝑶𝟐− + 𝑶𝟐 ↑ 
The loss of O2 from the cathode reflects the intrinsic voltage limit of these layered oxides. As 
a result, the Li1−xCoO2 cathode evolves oxygen or inserts protons on removing Li
+
 beyond x > 
0.55 [22]. The oxygen gas evolution would increase the pressure inside the cell and may lead 
to explosion. This limits the practical capacity of Li batteries with CoO2 cathodes to ~ 50% of 
the theoretical capacity. 
1.6 Kinetic Stability, Solid/Electrolyte-Interphase 
As already mentioned in section 1.4.1, thermodynamic stability and cell safety require 
locating the electrode electrochemical potentials μA and μC within the window of the 
electrolyte, Eg. However, as shown in Figure 1.4, the μA of LiC6 lies ~ 1.0 eV above the 
ELUMO of a carbonate electrolyte used in the Li-batteries. Therefore, the electrolyte would be 
reduced by electrons from the anode during cycling. During the first charge/discharge cycles 
however, chemical reactions may occur between the graphite anode and the electrolyte giving 
rise to a layer at the anode/electrolyte interface as a result of electrolyte decomposition [23].  
While thermodynamically A and ELUMO are not well matched, the formation of the layer may 
provide kinetic stability of electrolyte at the expense of capacity loss. The mechanism is as 
follows. The rechargeable Li-ion batteries are more easily fabricated in their discharged state. 
During charging, Li ions from the cathode are inserted into a discharged anode. Because the 
Fermi level μA of the charged anode is above the ELUMO of the electrolyte, which is the case 
with a graphite intercalation compound (GIC), a fraction of the Li from the cathode is 
consumed irreversibly on the initial charge in the passivating layer that forms on the anode 
surface (Figure 1.1). The formation of a solid/electrolyte-interphase (SEI) passivating layer 
provides kinetic stability at the graphitic anode/electrolyte interface. This may result in a cell 
capable of operating at higher voltages than the theoretically predicted.  
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Alternatively, the SEI layer increases the impedance of Li
+
 ions transfer across the 
anode/electrolyte interface, and the SEI layer changes with successive cycling to contribute to 
a capacity fade [7]. Moreover, during a fast charge, the concentration of Li
+
 ions may build up 
on the surface of the SEI layer and, where a change in volume of the electrode breaks the SEI 
layer, Li
0
 may be plated out before the break is healed. The Li
0
 plating can result in dendrites 
that grow across the electrolyte. Therefore, use of LiC6 as an anode is only possible because a 
passivating SEI layer is formed; but on repeated charge/discharge cycles, breaking of the SEI 
layer in selected areas results in the formation of dendrites that may grow across the 
electrolyte to short-circuit a cell of the battery with dangerous consequences. Ideally, the 
passivating SEI layer should self-heal rapidly when broken by the changes in electrode 
volume that occur in a charge/ discharge cycle; the SEI layer must also permit a fast Li
+
 -ion 
transfer between the electrode and the electrolyte without blocking electron transfer between 
the active particle and the current collector. Therefore, a key to battery chemistry is the 
identification of a solvent/electrode system that spontaneously forms a very thin SEI 
electronically isolating layer on the surface of both anode and cathode, while allowing fast 
ionic transport through the layer. Organic solvents such as cyclic alkyl carbonates form an 
effective SEI layer on the anode that ensures good cycling stability of the negative electrode. 
Cyclic alkyl carbonates, with ethylene carbonate (EC) additive, form a passivating SEI layer 
on the anode that is permeable to Li
+
 ions but impermeable to electrons [23-25]. To improve 
the stability and lower the impedance of the SEI layer, replacement of ethylene carbonate by 
other additives to the electrolyte, e.g. fluoro-ethylene carbonate has been investigated [25]. 
The review in the above sections shows several possible ways to increase EOCV of an 
electrochemical cell, the specific cell capacity as well as the limitations of the current 
electrolyte/electrode systems. If A is above the ELUMO, the electrolyte is reduced by electrons 
from the anode unless the anode−electrolyte reaction becomes blocked by the formation of a 
solid/electrolyte interphase (SEI) layer. Likewise, if μC is located below the EHOMO, the 
electrolyte is oxidised by transferring electrons to the cathode unless the reaction is blocked 
by an SEI layer. Battery performance, irreversible charge “loss”, rate capability, cyclability, 
and safety are highly dependent on the quality of the SEI. The development of organic 
carbonate electrolytes that can dissolve a sufficient amount of Li salt and have ELUMO and 
EHOMO at about 1.0 and 4.3 eV respectively, and the formation of the passivating SEI layer, 
were the breakthrough that enabled commercialization of Li-ion batteries by Sony.  
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Development of novel electrochemical cells would require the design of an anode with an A 
matched to the ELUMO of the electrolyte as well as a cathode with a C matched to the EHOMO 
of the electrolyte. Finally it is worth noting that the anode and cathode modulate each-others 
Fermi levels. This means that EOCV is a measure of the potential difference between the 
cathode and anode only when they are in a cell i.e. in mutual contact with each other 
mediated by the electrolyte. Selecting a cathode or a anode solely based on their individual 
Fermi levels in isolation will not yield the desired cell voltage [16].  
1.7 Development of Polyanionic Cathode Materials 
Both the nature of the transition metal and the anion structure of the cathode compound 
strongly influence the energy at the Fermi level (i.e. C) and the stability of the 
electrochemical cell.  
1.7.1 Nature of Transition Metal 
The voltage of a given cathode material is determined by the location of the M
(n+1)+
/M
n+
 redox 
couple relative to that of the Li
0
/Li
+
 couple. The lowest d levels are associated with cations 
from the centre or right of the first transition series, i.e. Cr, Fe, Mn, Co, Ni, V; all  exhibit 
oxidation states corresponding to d levels which lie close to (usually just above) the top of the 
anion-p bands [14]. Environmental and toxicity concerns have precluded the development of 
most V or Cr-containing materials, although electro-active compounds containing these 
metals exist. Therefore, the requirement for high specific capacity generally restricts choices 
to compounds containing first-row transition metals (usually Mn, Fe, Co, and sometimes Ni). 
The effect of the nature of the transition metal, in a phosphate anion environment, on Eocv is 
illustrated in Figure 1.5 A and B.  
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Figure 1.5 Effect of nature of the transition metal and effect of transition metal coordination on 
Eocv relative to the Fermi level of Li
+
/Li
0
. (A) Position of M
3+/2+ 
redox couples of 
various transition metals. (B) Effect of anion structure on the position of the 
Fe
3+
/Fe
2+
redox couple.  
The voltage of a cell is determined by the energy position, E, of the M
(n+1)+
/M
n+
 redox couple 
(for example, M
(n+1)+
/M
n+
 = Co
3+
/Co
2+
, Fe
3+
/Fe
2+ 
etc.) relative to that of the Li
0
/Li
+ 
couple. 
The energy position of the redox couple varies with the nature of the transition metal, as well 
as the voltage of the cell Figure 1.5 A. The discharge potential values are 3.45 V (Fe), 4.1 V 
(Mn), and 4.8 V (Co). Although the top of the O: 2p band of a cathode host material can be 
lowered to more than 5 eV below 𝜇𝐴
𝐿𝑖  by replacing an oxide ion with a polyanion, as in 
LiNiPO4, investigation of these high voltage cathodes has been limited because the organic 
liquid carbonate electrolytes used in the Li-batteries decompose at a voltage V > 4.5 – 5 V.  
1.7.2 Transition Metal Coordination 
The energy of a redox couple depends not only on the formal valence state of the transition 
metal cation, but also is influenced by the nearest-neighbour bonding structure (Figure 1.5 B). 
The ability of an anion to shift the transition metal redox couple, known as inductive effect, 
was originally used to explain the increased voltages of the polyanion cathodes, such as 
phosphate compared to their oxide analogues. The strength of the inductive effect can be 
exemplified by comparison of the energy position of the Co
3+/
Co
2+
 redox pair in LiCoPO4 
shown in Figure 1.5 A and the energy position of Co
4+
/Co
3+
 redox pair in LiCoO2 shown in 
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Figure 1.5 A in the last section. In a phosphate anion environment (Figure 1.5 A) the voltage 
of the cell is about 0.8 V higher than in an oxide anion environment (Figure 1.4 A).  
 
The position of the M
n+
/
(n+1)+
 redox couple can be modulated by changing the bond character 
of the M-O bond. A more covalent polyanion lowers the M
n+
/
(n+1)+
 redox couple more 
effectively (lowers, EF and hence 𝜇𝐶
𝐿𝑖) compared to that in an oxide, resulting in a higher cell 
voltage vs. Li
0
/Li
+ 
[2, 7, 14]. For example, the voltage increases from 3.0 to 3.6 V on going 
from Fe2(MoO4)3 to Fe2(SO4)3, which have similar crystal structures, due to a larger 
covalence of the SO4 units compared to the MoO4 units arising from the higher 
electronegativity of sulphur [2, 5-7, 20]. 
The strength of the inductive effect can be modulated by using more electronegative counter-
cations X in the M-O-X structure (X = B, Si, P, As, Mo, W) in the form of XO4
y-
, X2O7
y-
 and 
other polyanions [12, 26-28]. The influence of structure is exemplified by the comparison in 
Figure 1.5 B of the voltages from the Fe
3+
/Fe
2+
 redox couple in various phosphate anions 
modulated through the inductive effect. Goodenough et al.[4, 26, 28] provided guidance as to 
how structural differences may shift the Fe
3+
/Fe
2+
redox energies. Most lithium metal 
phosphate compounds containing FeO6 octahedra as the redox centre have potentials in the 
range of 2.8 – 3.45 V versus Li+/Li0 due to the inductive effect [26]. The structural and 
compositional varieties are of paramount importance to design poly-oxyanion cathode 
materials. For example, it was pointed out that edge sharing of the FeO6 octahedra within the 
LiFePO4 structure further increases the voltage compared to compounds that do not have edge 
sharing. This suggests that it may be useful to analyse how edge sharing between polyhedra 
affects the voltage of the new polyanion chemistries. Particularly, polymorphic differences of 
the crystal structure often cause drastic changes of the properties (e.g. Fermi level energy 
position and thermal stability).  
1.8 Limitations of LiFePO4 Cathode Materials 
The LiFePO4 has a theoretical specific energy of 170mAh/g and a high redox potential (3.45V 
versus Li/Li
+
) [29-31]. Further, the low cost, high resource abundance and environmentally 
friendly, makes LiFePO4 containing cathode materials appealing for rechargeable lithium 
batteries for vehicles [32-34]. However, the full potential of the material is sometimes 
difficult to achieve due to its;  
 Limited electrical conductivity and,  
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 Low rate of Li+ ion diffusion 
Therefore, both these together may limit the battery performance in power-demanding 
applications [35-37]. There are two broad strategies that have been employed to address the 
low Li
+
 diffusion rate and low electric conductivity of LiFePO4. One is to reduce the LiFePO4 
particle size to a nanometre level which would consequently lead to a reduction in the 
diffusion path length in the phosphate structure for both electrons and Li
+ 
ions. The other 
strategy is to manufacture LiFePO4 particles coated with a conductive phase, such as carbon, 
thereby improving the electronic contact between the particles [38-41]. Carbon coating also 
suppresses the crystallite and particle growth and therefore offers an indirect electrochemical 
advantage as it limits the Li
+
 diffusion distance [42, 43].  
However in terms of conductivity the carbon additives may not be equal. For example, if sp
3
 
bonded carbon coatings are formed in situ during the pyrolysis of the carbon containing 
precursors then it may not increase electron conductivity. However, these carbons may have a 
beneficial effect on the battery power because they may precipitate at the crystallite and 
particle interfaces, limiting the crystal sizes of the phosphate particles and hence reducing the 
Li
+
 diffusion path-lengths. Preferably, the carbon coating should contain mainly sp
2
-bonded 
carbons with delocalised π electrons in order to simultaneously (i) improve the electronic 
conductivity and (ii) modulate crystallite sizes of the phosphate product. The sp
2
- bonded 
single wall carbon nanotubes (SWCNTs) with diameters of 1 – 3 nm and lengths of tens of 
micrometres can potentially offer a significant increase of the electronic conductivity and also 
offer very higher specific surface that may facilitate the contact between the active material 
and the conductive additive. However, the review of all synthetic procedures reported for 
LiFePO4 confirms that carbon is always present in some form (from ligands, solvents or 
additives) and thus it is included in the final product. Further, the majority of the proposed 
synthetic procedures are based on solid-state reactions between lithium, iron and phosphorous 
containing precursors, which may not lead to the desired homogeneity between the added 
carbon and the cathode material. Therefore, a new synthetic methodology is required 
preferably based on wet chemistry where care is taken to eliminate all possible carbon 
contaminations in the LiFePO4 phase. This will enable to evaluate the electrochemical 
properties of cathode materials after the addition of known loadings of specific types of 
carbon during the synthesis of the cathode material.   
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1.9 Aims 
The broad aim of the thesis is to develop a new method for synthesis of carbon-free LiFePO4 
and to prepare a series of LiFePO4/carbon composites using SWCNT and for comparison the 
standard carbon additive, Carbon Black. The specific aims are; 
 To develop a simple, single step wet method for synthesising carbon free LiFePO4 
material. 
 To prepare a series of LiFePO4/SWCNT composites containing different loadings of 
SWCNTs and for comparison an equivalent series of composites containing carbon 
black, CB. 
 To use these composites in electrochemical cells and to test their electrochemical 
properties. 
1.10 Thesis Outline 
Chapter 2 provides a review of the most recent progress on the development of Li-ion battery 
cathodes with an emphasis on the poly-oxyanion compounds, such as transition metal-
phosphates. It summarises the current views on the lithiation/de-lithiation mechanisms, 
describes various synthetic methods reported in the literature and discusses the remaining 
challenges related to the use of LiFePO4 in battery cathodes. Finally it summarises the current 
understanding of the effects of the particle sizes and the conductive coating on the 
electrochemical performance of the phosphate materials in real batteries. 
Chapter 3 describes a single-step method for the synthesis of carbon-free LiFePO4 material 
using a novel co-precipitation approach. The effect of the mixing sequence on the nature of 
the precursor, as well as on the evolution of the final product after high temperature treatment, 
is investigated by series of techniques. A mechanism is proposed which describes the 
formation of carbon-free LiFePO4 and optimised synthetic conditions are summarised. 
Chapter 4 investigates the effect of two different carbon types (carbon nanotubes, CNT and 
carbon black, CB) mixed with the precursors on the LiFePO4 phase evolution under similar 
conditions described in Chapter 3.  The effect on the added carbons on the phase purity of the 
product is investigated in detail. 
Chapter 5 examines the influence of SWCNTs and CB on the electrochemical performance of 
the LiFePO4/carbon composites. Two different phosphate-carbon mixing sequences are 
investigated and the electrochemical properties of the resulting composites are compared. The 
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electrochemical characteristics of the composite material are probed using charge-discharge 
measurements, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).  
Chapter 6 summarises the main conclusions and suggests some ideas for investigation 
direction based on the outcomes of research undertaken.  
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2 Lithium Iron Phosphate-Recent Developments and 
Remaining Challenges  
This Chapter summarises the most recent progress on the development the poly-oxyanion 
cathode materials, such as transition metal-phosphates. It focus on LiFePO4 cathode materials, 
the current views on the lithiation/de-lithiation mechanisms, describes various synthetic 
methods reported in the literature and discusses the remaining challenges related to the use of 
pure LiFePO4 in battery cathodes. Finally it summarises the current understanding of the 
effects of the particle sizes and the conductive coating on the electrochemical performance of 
the phosphate materials in real batteries. 
2.1 Introduction 
The performance of the rechargeable battery strongly depends on the active materials 
employed in both anodes and cathodes for ion storage. The cathode is a major determinant of 
energy density, since it typically has a significantly lower specific capacity (140 – 170mAh/g) 
than the most common anode material, lithiated graphite, LiC6 (372mAh/g), to which it is 
usually matched. Therefore, the main research focuses adopted in emerging commercial 
batteries has been in the area of the cathode materials.  
In 1997, Goodenough et al. reported on the electrochemical properties of a new class of 
cathode materials known as the phospho - olivine [1]. The olivine phosphates LiMPO4, with 
M = Mn, Fe, Co and Ni, have all been synthesized and electrochemically tested [2-4]. In 
particular, the LiFePO4 (also known as the mineral triphylite found in Nature) satisfies many 
of the criteria for a cathode material in a Li-ion battery; the extraction and reinsertion of Li in 
LiFePO4 proceeds at about 3.45 V relative to Li metal. It has a gravimetric capacity (~170 
mAh/g) which gives a cell made of the material a high energy density (3.45 x 170 = 586 
Wh/kg). This voltage lies in the window of the carbonate electrolyte, which gives the 
LiFePO4 cathode an excellent electrochemical stability and no obvious capacity fading even 
after several hundred cycles [1, 5, 6]. The increased safety and higher voltage values have 
been attributed to strong covalent bonding within the polyanion units. It is very stable during 
discharge/recharge and has, under the same energy density, 30 to 50 % less weight than the 
other lithium batteries [1, 6, 7]. This is the first cathode material, which is low in cost, has its 
elements in abundance and is also environmentally benign, that could have a major impact on 
electrochemical energy storage.  
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The other members of the LiMPO4 family, with M any mixing of Mn, Ni, Co, are still not yet 
competitive with LiFePO4, despite many efforts. The substitution of Fe by these other 
transition-metal elements aims to increase the energy density since the M
2+
/M
3+
 redox 
potential vs. Li
0
/Li
+
 increases with the atomic number: 4.1, 4.8 and 5.1 V for M = Mn, Co, Ni, 
respectively. The two last voltages exceed the stability window of the organic electrolytes 
presently available, so attention has been focused on LiMnPO4 because 4.1 V is still lower 
than the highest occupied orbital (HOMO) of the conventional organic electrolyte and its 
theoretical energy density is larger (701 Wh/kg, against 586 Wh/kg in LiFePO4). In practice, 
however, the results are disappointing because its intrinsic electronic conductivity is worse 
than that of LiFePO4. The olivine LiFePO4 now stands as a competitive cathode material 
candidate for the next generation of green and sustainable lithium-ion battery systems due to 
its long life span, abundant resources, low toxicity, and high thermal stability. However, there 
are still many challenges in achieving a high quality product with high consistency. For 
example due to the low intrinsic electronic and ionic conductivities of LiFePO4, decreasing 
particle sizes and nano-layer carbon coatings of LiFePO4 particle surfaces are necessary to 
achieve a high electrochemical performance. The successful commercialisation of the olivine 
LiFePO4 caused a shift for cathode materials from oxides to polyanionic compounds. As 
shown in Chapter 1, the interest in polyanion cathodes comes from the added safety and 
higher voltage values in comparison to the oxide analogues with the same M
2+/3+ 
redox 
couples [1, 3, 4, 8-11]. These inherent characteristics of polyanion cathodes have promoted 
the investigation of additional polyanion chemistries for use in lithium-ion batteries. With the 
increased research interest in polyanion chemistries it is important to broaden our 
understanding of: 
 How the coordination of the transition metal ions shifts the redox energy,  
 How to assess the covalency of the polyanion beyond the electronegativity of the 
counteract ion, and  
 How edge sharing between polyhedra affects the discharge potential of the 
polyanion chemistries.  
However, these are beyond the scope of this Thesis and are not discussed here. 
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2.2 Lithium Iron Phosphate 
The following sections which focus on LiFePO4, discuss its structure, synthesis, 
electrochemical behaviour, lithiation/de-lithiation mechanism, and the problems encountered 
in its application. The goal is to highlight some recent developments of LiFePO4 with high 
rate capability, high energy density, and cyclability resulting from conductive coating, 
nanocrystallization, or its method of preparation. 
2.2.1 Structure 
The structure of LiFePO4 falls into the category of olivine, space group #62 (Pnma). The 
oxygen atoms are located in a slightly distorted, hexagonal close- packed arrangement with 
1/8 of the tetrahedral holes occupied by P, and 1/2 of the octahedral holes occupied by various 
metal atoms (Li and Fe). The PO4 tetrahedra share one edge with a FeO6 octahedron and two 
edges with LiO6 octahedra as shown in Figure 2.1 A. Hence, the LiFePO4 lattice can be 
viewed as an assemblage of FeO6 octahedra sharing corners and forming Fe-O atomic ac-
planes and LiO6 octahedra sharing edges along tunnels down the b-axis, through which the Li 
ions can diffuse (Figure 2.1 B).  
 
c
a
b
 
Figure 2.1 (A) The olivine structure of LiFePO4: showing the FeO6 octahedra (blue), PO4 
tetrahedra (green), and the one-dimensional tunnels in which the lithium ions reside. 
(B) Visualisation of one-dimensional diffusion Li diffusion path in the phosphate 
structure. Ellipsoids and dashed curved lines show the diffusion path of Li ions 
along b-direction. Adapted from ref [12]. 
Tetrahedral PO4 units are responsible for both the rigidity and the thermal stability of the 
lattice which links Fe-O planes together and gives room for Li tunnels along the b-directions. 
The presence of the polyanion (PO4) with strong P-O covalent bonds increases the potential as 
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a result of the strong polarization of oxygen ions toward the P cation, which lowers the 
covalency of the Fe-O bond [3, 11, 13, 14].  
2.2.2 Electronic and Ionic Transport in LiFePO4  
Initial reports on the electrochemical characteristics of LiFePO4 emphasized its low capacity 
and poor rate capability even when discharged at low current densities. This was attributed to 
the low electronic conductivity of LiFePO4 which behaves as an insulator, with conductivity 
as low as 10
−9
 S/cm [1, 3, 7]. By contrast, LiCoO2 is a much superior electronic and Li
+ 
conductor due to its layered structure that allows two-dimensional Li
+
 transport and the 
simultaneous existence of mixed-valence cations (Co
4+/3+
); two attributes that are essential for 
providing cells with acceptable energy and power [13, 15]. The low electronic conductivity is 
related to the cation arrangement in the LiFePO4 structure which has a hexagonally-close-
packed oxygen array, in which the octahedra share both edges and faces (Figure 2.1). There is 
no continuous network of FeO6 edge shared octahedra that might contribute to electronic 
conductivity. In addition, ionic conductivity is also low; the Li
+
 diffusion is possible only 
along b- axis, i.e. it is one dimensional.  
2.3 Li+-Insertion/Extraction Mechanisms  
Extraction and reinsertion of Li
+
 from/in LiFePO4 proceeds at about 3.45 V vs. Li
0
/Li
+
. The 
potential is independent of the composition x in LixFePO4 (i.e., the voltage profile is flat) on 
the cycling profile between LiFePO4 and FePO4 indicating that a two-phase reaction occurs [1, 
3, 16].  The extraction of Li
+
 from LiFePO4 to charge the cell may be written as:  
Equation 2.1 𝑳𝒊𝑭𝒆𝑷𝑶𝟒 − 𝒙𝑳𝒊
+ − 𝒙𝒆− → 𝒙𝑭𝒆𝑷𝑶𝟒 + (𝟏 − 𝒙)𝑳𝒊𝑭𝒆𝑷𝑶𝟒 
The insertion of Li ions into FePO4 on discharge may be written as:  
Equation 2.2 𝑭𝒆𝑷𝑶𝟒 + 𝒙𝑳𝒊
+ + 𝒙𝒆− → 𝒙𝑳𝒊𝑭𝒆𝑷𝑶𝟒 + (𝟏 − 𝒙)𝑭𝒆𝑷𝑶𝟒 
The extraction of lithium ions from LiFePO4 is accompanied by a direct transition to FePO4, 
in which the Fe
2+
 ions are oxidized to Fe
3+
, leaving the olivine FePO4 framework intact.  In 
other words, during charge and discharge of the cell, LiFePO4 electrodes are actually 
composed of two separate phases, LiFePO4 and FePO4, which are both poor electronic 
conductors because they each contain Fe cations with just one oxidation state (Fe
2+ 
or Fe
3+
, 
respectively) To understand why such a material can work although both involved phases are 
poor ionic and electronic conductors, numerous studies were devoted to establishing the 
relationship between the structure and the ionic and electronic transport properties. There are 
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several models proposed to explain the two-phase reaction of LiFePO4; the “shrinking core 
model [1]” the “mosaic model [17]” the recent “new core-shell [18]” and “domino-cascade” 
[19] models. In the following sub-sections, these models are briefly summarised and 
similarities and differences are discussed.  
2.3.1 Shrinking Core Model  
In the initial report on the electrochemical properties of LiFePO4, it was noted that the 
electrochemical profile remained flat at ~ 3.45V over a large compositional range [1]. Based 
on this observation it was proposed a simple “shrinking core” model to describe the 
intercalation of Li
+
 into FePO4 (Figure 2.2). On discharge, the shrinking-core model proposes 
the formation of LiFePO4 shell with migration of LiFePO4/FePO4 interface into each particle 
from the surface [1]. Initially, a phase interface emerges between two distinct phase regions (a 
lithiated phase and a delithiated core). As the reaction progresses, the shell thickens at the 
expense of the core, and the interface between the two phases shrinks (two-phase region), 
until complete conversion to LiFePO4 occurs at the end-of-discharge where the phase 
interface disappears (singe-phase region) and the discharge process is finished. 
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Figure 2.2 Simplified schematic representation of shrinking-core model during discharge 
processes. Adapted from ref [20]. 
The entire process is reversed upon charge. The two-phase reaction occurs with, as mentioned 
for the first time by Yamada et al. [20], the existence of very narrow solid solutions in the 
vicinity of the end members LiFePO4 and FePO4. The extent of these solid-solution domains 
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is strongly related to the particle size, as shown by Meethong et al.[21] and has a strong 
impact on the electrochemical behaviour [22].  
While that mechanism can explain the phenomenon of super flat voltage plateau typical of 
LiFePO4 , it does not take into account the observed anisotropy arising from the 1D lithium 
motion confined to tunnels along [010] direction within the LiFePO4 structure [23, 24]. 
Somewhat similar to the shrinking-core model is the “mosaic model” proposed by Anderson 
and Thomas [17], which proposes multiple-point  Li
+
 insertion or extraction. This model is 
not discussed here. 
2.3.2 New Core-Shell Model 
A transmission electron microscopy (TEM) study by Chen et al. [25] of partially de-lithiated 
platelike particles revealed the formation of ordered FePO4 and LiFePO4 domains alternate in 
the ac plane and separated by narrow disordered regions. The phase transformation proceeds 
in the direction of the a-axis at dislocation lines that run parallel to the c-axis, consistent with 
the one dimensional Li
+ 
diffusion in the b-direction. This was perhaps the first experimental 
evidence in agreement with the preferential lithium ions diffusion in the b-axis direction, as 
already predicted by theoretical studies of Morgan et al. [23] and Islam et al.[26], thus 
invalidating the shrinking-core model.  
Almost simultaneously, electron energy-loss spectroscopy (EELS) study carried out by 
Laffont et al.[18] confirmed that the shrinking core shell model is not relevant to explain 
lithium deintercalation/intercalation in the olivine structure owing to the strong anisotropy of 
lithium diffusion. From the EELS results, they showed that there is no solid solution in the 
interfacial zone between the two end members. This led to the proposal of “new core-shell 
model” to describe the deintercalation/intercalation process, where for partially de-
intercalated plate-like particle lying on the ac plane, the de-intercalated phase (FePO4) 
remains in the core of the particle and LiFePO4 on the shell (the particle surface parallel to the 
b direction). According to the “new core-shell” model, the Li+-ion migration trajectory in 
plate-like particles depends on the process (Figure 2.3). 
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Figure 2.3 Schematic representation of the ‘‘new core-shell’’ model for plate-like particles. 
Adapted from ref [27]. 
During discharge (lithiation) the Li
+
 insertion starts from the periphery of the platelet whereas 
during charge (cathode de-lithiation) the Li
+
 extraction commences from the centre of the 
platelet and expands towards the periphery. This is consistent with a progressive emptying or 
filling of Li channels oriented along the b-axis, with the front between the two phases moving 
perpendicular to the ac plane. 
This model accounts well for 1D migration of Li
+
 perpendicular to the platelets. The result of 
the EELS study unambiguously supports the view that the nanometre interfacial region 
consists of two end members, FePO4 and LiFePO4, and not a solid solution LixFePO4 that 
changes with a gradient of x ranging from 0 to 1 by moving from FePO4 to LiFePO4. More 
recently, Zaghib et al.[27] also reported the existence of both LiFePO4 and FePO4 phases at 
the surface of particles with a de-lithiation degree of 50% identified by Raman spectroscopy. 
Their work is consistent with the experimental results of the TEM and EELS studies and 
supports the ‘‘new core-shell’’ model. These observations also suggest that the best rate 
performance can be achieved with particles that are thin in the direction of Li diffusion (b-
axis), but that nano-structuring in other directions may not be required. 
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2.3.3 Domino-Cascade Model 
More recent X-ray diffraction and TEM investigations by Delmas et al. [19] showed a co-
existence of fully lithiated and fully de-lithiated individual particles in the same domains. 
Based on these results, the authors proposed the “domino-cascade” model to describe lithium 
de-intercalation from LiFePO4 [19, 28]. In this model, when the lithium insertion/extraction 
starts in a given particle, the particle rapidly becomes either totally charged or totally 
discharged (Figure 2.4 A and B). Further, when a boundary plane is formed, it moves in the a-
direction through the crystal on lithium de-intercalation. This displacement can be considered 
as a wave going through the crystal without any energy barrier that allows lithium 
intercalation/de-intercalation to proceed at a very high rate. 
According to this mechanism, there is a concentration gradient of charge carriers (Li
+ 
and e
-
) 
at the boundary between FePO4 and LiFePO4 domains, which would lead locally to a 
significantly higher ionic and electronic conductivity compared with the two end-member 
phases (Figure 2.4 A). The driving force is provided by the elastic energy at the 
FePO4/LiFePO4 interface, which arises from structural constrains (the end-phases are 
structurally similar with unit-cell volume difference of ~ 6.8%). The minimization of the 
elastic energy enhances the intercalation/de-intercalation process that occurs as a fast-moving 
wave through the entire crystal (Figure 2.4 B). The very fast displacement of the reaction 
wave or front along the a-axis occurs without any energy barrier. Locally, this leads to an 
ionic and electronic conductivity considerably higher than in the two end-member phases [19].  
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Figure 2.4 Schematic view of the ‘domino-cascade’ mechanism for the lithium 
deintercalation/intercalation mechanism in a LiFePO4 crystallite. (A) Scheme 
showing deintercalation front (wave) along a-axis and simultaneous Li
+
 and e
-
 
deintercalation along b-axis. (B) Layered view of the lithium 
deintercalation/intercalation mechanism in a LiFePO4 crystallite. Adapted from ref 
[19].  
The “domino cascade” model validates the theoretical models considering 1D migration of 
Li
+
 along b-axis and a reaction front along the a-axis inside the particles to the detriment of 
the “shrinking-core” model. One basic difference between the ‘‘new core-shell’’ and the 
‘‘domino-cascade” model is the character of the interface [19]. The former supports the 
coexistence of LiFePO4 and FePO4 regions inside each particle while the latter proposes the 
coexistence of LiFePO4 and FePO4 particles that are single-domain. The structural similarity 
between LiFePO4 and FePO4 not only avoids capacity degradation resulting from severe 
volumetric changes during the charge/discharge process, but also effectively compensates the 
volume changes of the anode during lithiation and de-lithiation. This, together with the 
localised higher ionic and electronic conductivity demonstrated by the “domino-cascade” 
model explains to a large extent the truly excellent electrochemical cyclability of the modern 
LiFePO4 batteries. 
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2.4 Synthesis of LiFePO4  
The following sections focus firstly on the synthetic methods then on the main challenges 
associated with the synthesis and application of the LiFePO4 as a cathode material and 
possible ways to improve its rate capabilities.  
There are two broad synthetic strategies; solid state methods where all precursor materials are 
in the solid state, mixed by different mechanical means to improve homogeneity of the 
product, and solution methods, where to insure better homogeneity the precursors are 
dissolved in a suitable liquid medium. Solution chemical preparation routes, such as sol–gel, 
or co-precipitation methods, have an advantage over solid-state reactions in achieving better 
homogeneity and mixing of the starting compounds on a molecular level. However, these 
require significant amount of energy to evaporate the solvents and also do not always 
guarantee pure product.  
2.4.1 Solid – state   
When Goodenough’s group first reported LiFePO4 as a cathode material, they prepared it via 
solid state reaction. Solid-state synthesis is a conventional method for preparing ceramics and 
includes several successive steps of intimate grinding and annealing of the stoichiometric 
mixture of starting materials. The starting mixture consists of a stoichiometric amount of iron 
salt; Fe(II)-acetate, Fe(II)-oxalate, a lithium salt; lithium carbonate or lithium hydroxide, and 
often ammonium phosphate as a phosphorous source [1, 3, 20, 29-32]. The reaction mixture is 
firstly heated at a temperature of 300–400°C in an inert atmosphere to decompose the ligands 
and after re-grinding; the powder is re-heated at a temperature ranging from 400 to 800°C for 
10–24 hours. Before the second grinding step, a carbon-containing compound, for example, 
carboxylic acid [33], can be added to the precursor which can be employed as a carbon source 
in the LiFePO4/C composite formation.  
Although the solid-state synthetic method has proven effective simple and easy to be 
industrialized, the requirement for repeated reheating and subsequent re-grinding in order to 
improve the homogeneity of the final product, makes the procedure both time and energy 
consuming. Another disadvantage of the solid-state method is uncontrollable particle growth 
and agglomeration, so the application potential of large particles is limited by their small 
surface area [29, 34]. 
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2.4.2 Sol – gel  
The motivation for sol–gel processing primarily lies on the fact that it potentially offers a 
higher purity and homogeneity and lower processing temperatures than traditional solid-state 
methods. Lithium acetate and iron (II) acetate [35], lithium phosphate and iron (III) citrate 
with phosphoric acid [11, 36], lithium oxalate and iron (II) oxalate [37], and lithium carbonate 
and iron (II) oxalate [37, 38], are examples of lithium, iron and phosphorus precursors used 
by the sol-gel method. The precursors are dissolved in suitable  solvents such as dimethyl 
formamide [35], water with citric acid as a chelating agent [39-41] and sometimes ethylene 
glycol [37]. The sols are converted to gels following standard procedures followed by heating 
at temperatures from 500 to 700 °C in an inert gas (argon or nitrogen) [42, 43], or slightly 
reductive atmosphere (argon/nitrogen containing 5–10% of hydrogen) [35, 44, 45]. These 
temperatures are lower than those required by the solid state method and usually one-step heat 
treatment is sufficient to produce phase pure LiFePO4. 
Apart from better mixing of precursors which leads to the synthesis of the product at lower 
temperature than the solid-state approach, another advantage of the sol–gel method is that the 
evolving LiFePO4 particles can be coated with carbon which originates either from the 
solvent or from the precursor ligands such as acetates, citrates, oxalates, etc. [38, 45]. During 
high temperature treatment under inert or reducing atmospheres the decomposing organics 
coat the LiFePO4 crystals with a surface coating of amorphous carbon [46]. With carbon 
coating, however, the LiFePO4 density is decreased and therefore so do the reversible 
capacity of the electrode with increase amount of carbon [47].   
2.4.3 Co-precipitation  
Similarly to the sol-gel method, the co-precipitation method potentially offers improved 
purity, crystallization and particle sizes of the product at relatively low temperatures. Phase 
pure, homogeneous, and well-crystallised lithium iron phosphate has been synthesised by an 
aqueous co-precipitation of Fe
2+
 precursor material and subsequent heat treatment of the 
precipitate in nitrogen [48]. It was found that heating the solution containing Li
+
, Fe
2+
, and P
5+
 
ions above 105 °C with the pH value adjusted between 6 and 10, facilitates the formation of 
LiFePO4 rather than the formation of a Li3PO4 and Fe3(PO4)2 mixture. In order to increase the 
temperature of the solution above that of pure water, water-miscible boiling point elevation 
additives such as ethylene glycol, diethylene glycol or N-methyl formamide are introduced. 
The temperature of the solution is then increased to its boiling point, to afford para – 
crystalline LiFePO4 precipitate which was subsequently heated at 500 °C in a slightly 
reducing atmosphere to give rise to the crystalline product. As the LiFePO4 phase is already 
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formed during the precipitation step, the temperature and the dwell time of the thermal 
treatment are significantly reduced compared to solid-state ceramic synthesis process. Further 
modification to the second stage of the synthesis was carried out by Wang et al., where 
amorphous LiFePO4 was firstly obtained at room temperature through lithiation of 
FePO4·xH2O using oxalic acid as a reducing agent, followed by heating the amorphous 
LiFePO4 at 500 °C to produce nanocrystalline LiFePO4 with enhanced electrochemical 
performance properties [49]. Crystallized LiFePO4 can be obtained after 12 hours calcination 
with 500°C to 800°C.  
2.4.4 Other Synthesis Routes  
Apart from the above-mentioned methods that are already established by various research 
groups, the search for new alternative methods continues. One of them is the freeze-drying 
method [50]. A solution containing citric acid, Fe
2+
 acetate, lithium hydroxide, and 
NH4H2PO4 is frozen by drop-by-drop addition of liquid nitrogen and subjected to the freeze-
drying process. The powder thus obtained is heated two times, at 350 and 600°C, and as a 
result LiFePO4/carbon composite powder is obtained. 
Although many routes have been used to prepare LiFePO4 in the laboratory, the solid state 
reaction is almost the only one adopted for commercial production on a large scale. However, 
it does not mean that the solid-state route is the ideal one. Some clean, easily controlled, and 
more economical synthetic routes for producing LiFePO4 still need to be explored. 
The advantage and disadvantage of the synthesis methods are listed in Table 2.1 
2.5 Remaining challenges 
During charge/discharge the lithium ions are extracted from and inserted into LiFePO4 while 
the iron cations are oxidized / reduced respectively. Both end-phases, LiFePO4 and FePO4 are 
poor electronic conductors because each contains Fe cations with just one oxidation state (2
+
 
or 3
+
, respectively). Furthermore, the nearly close-packed hexagonal oxygen atom array 
provides a relatively small free volume for lithium ion motion, which is confined to one-
dimensional tunnels running along b-directions (Figure 2.1). These one-dimensional tunnels 
are particularly susceptible to blockage by defects and impurities and thus the high theoretical 
energy density predicted is difficult to achieve  [51]. This limits the rate performance because 
of the inability of lithium ions to diffuse easily through the bulk of the phosphate phases, 
which can result in a significant loss of capacity at high currents. 
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Table 2.1 Summary of the advantages and disadvantages of the synthesis methods 
Synthesis method Advantages Disadvantages 
Solid state  Simple and easy to be 
industrialised. 
 Energy and time 
consuming to get 
homogeneous product. 
Sol – gel  Better mixing precursor. 
 Lower synthesis 
temperature. 
 The evolving LiFePO4 
particles can be coated 
with carbon which 
originates either from the 
solvent or from the 
precursor ligands. 
 The LiFePO4 density can 
be decreased and 
therefore so do the 
reversible capacity of the 
electrode with increase 
amount of carbon 
Co-precipitation  Well crystalized  
 High purity 
 Small particle size 
 pH value needed to be 
controlled. 
 Time consuming. 
 
2.5.1 Energy Barrier to Li+ Diffusion 
Ab initio calculations by Morgan et al. [23] showed that the activation energy for Li
+
 transport 
along [010] direction is 0.27 eV which is much lower than that along [001] (about 2.5 eV). 
Structural modelling by Islam et al. [26] supported the lowest energy pathway for Li transport 
in the [010] direction, although higher activation energy (0.55 eV) is calculated. These studies 
demonstrate that Li
+
 can move easily only in the tunnels parallel to the b direction. 
Experimental activation energies obtained from large single-crystal samples were; 0.636 eV 
[100], 0.54 eV [010] and 0.669 eV [001] [52]. Although the activation energy along b-axis is 
close to the theoretical calculations, the calculated and measured barriers to diffusion along 
the other two axes differ considerably. Nevertheless, the theoretical and experimental 
investigations agree that the Li
+
 conductivity is quite high in the tunnels along b direction, 
whereas it is low or negligible in both other directions. 
2.5.2 Antisite Fe-Li Defects  
The 1D channel along the b-axis can be easily blocked by defects, foreign phases and stacking 
faults which can cause a drastic reduction in the Li
+
 diffusion coefficient as the ‘tunnel’ 
pathways are obstructed. Ab initio calculations demonstrate that point defects can decrease the 
diffusion coefficient for Li ion transport by more than two orders of magnitude, with defect 
concentrations as small as 0.5% [53]. Studies by Whittingham’s group [54-56] found that the 
LiFePO4 synthesized hydrothermally at a temperature below 180 °C demonstrates almost 7% 
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iron occupancy on the lithium sites (i.e. antisite, Fe – Li, defects). As a consequence, the 
reported electrochemical capacity of these highly defected materials was quite small, even at 
low current densities [57]. The antisite Fe-Li defects in LiFePO4 may not only block lithium 
transport along the fastest diffusion path in the [010] direction, but also may lead to a 
structural instability due to the additional electrostatic repulsion induced by their high valence 
number [23, 26]. Furthermore, it was found that there exists a strong dissymmetry for the Li – 
Fe ion exchange. It is almost impossible to generate Li at Fe sites. Instead, in the Li-rich 
samples, a Li3PO4 impurity is formed rather than Li at Fe sites. While the Li3PO4 phase acts 
as an inert mass during the electrochemical process it does not poison the electrochemical 
performance [58]. However, in Li-deficient LiFePO4 samples, there is a co-existence of the 
anti-site Fe-Li defects along with Li vacancies, i.e., complex defects are always observed. 
This suggests that a sufficient lithium source is necessary for the preparation of LiFePO4 and 
that stoichiometry is the first factor that needs to be considered. 
The antisite defects formed during hydrothermal synthesis can be completely eliminated by 
post-synthesis heat treatment above 500 °C. Such a material shows specific capacity increased 
by approximately 60% at a C/20 rate [59]. Recham et al. [60] also demonstrated that defect 
free LiFePO4 single crystals of 700μm size can be formed if the hydrothermal reaction holds 
at 260 °C for a month in water-ionic liquid media, and even smaller polycrystalline particles 
(80 – 120μm) can be synthesized in pure water. After carbon coating, the single crystal 
LiFePO4 samples were electrochemically active. At the elevated temperature it had a 
reversible capacity of 145 mAh/g with excellent retention and less than 5% fading after 100 
cycles. These results suggest that the synthesis of highly-pure LiFePO4 is likely to improve 
the diffusivity of Li
+
 ions if corresponding measures are taken to improve the electronic 
conductivity as well. Therefore, the reaction temperature is a critical factor to obtain the 
ordered LiFePO4 phase because the antisite defects are temperature-dependent and sensitive 
to experimental synthesis conditions. 
2.5.3 Particle Size and Morphology 
If the extraction of Li ions from the centre of larger particles is not efficient, it may lead to a 
loss of the capacity. Therefore, reduction in the particle size will improve the Li
+
 diffusion 
rate as it can provide shorter diffusion lengths. Further, the smaller particles will provide a 
larger electrolyte/electrode contact area for the Li
+
 insertion and extraction reaction. The 
mechanisms of the lithiation / delithiation  processes summarised in section 2.3 indicate that 
reducing the crystal size along the b-axis should contribute to an enhancement of the 
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electrochemical properties of the material toward Li
+
 extraction/insertion [25]. Calculations 
show the [010] surface has a lower potential compared to bulk LiFePO4 (2.95V vs. 3.55V), 
suggesting that Li
+
  can be extracted from the [010] surface first upon charging the electrode 
material [23, 61]. This conclusion is supported by experimental results [12]. Fortunately, 
small LiFePO4 particles are generally platelets with the Li
+
 channels oriented parallel to the 
short dimension. Hence, despite the 1D channel for Li
+
 ion motion, high charge and discharge 
rates can be achieved with LiFePO4 cathodes [62].  
While these conclusions are valid for smaller particles, larger particle sizes mean a long solid-
state diffusion pathway for the lithium ions and electrons. The larger size also makes the 1D 
diffusion channels of the Li
+
 more likely to be blocked, limiting the performance of LiFePO4, 
significantly. Therefore, the other two dimensions of the particles should not be ignored, 
because decreasing the size of the particles in the ac-plane will have an impact on the 
electronic percolation within the electrode material which would improve electronic 
conductivity and therefore the rate performance of the cathode [19]. Hence, the optimisation 
of the surface area would be another way to the increase the rate performance of LiFePO4 
cathodes. To improve the electrochemical performance, several methodologies, such as co-
precipitation, sol-gel process, ion-exchange reaction and hydrothermal have been tested in 
order to obtain LiFePO4 particles with better control of morphology and smaller size [41, 57, 
63, 64]. 
2.5.4  Phase Purity 
As seen in the previous sections, a slight deviation from stoichiometry may lead to evolution 
of antisite defects or the formation of secondary phases that may affect electrochemical 
performance of LiFePO4. Many impurities such as Li3Fe2(PO4)3, Fe2P, FeP, Fe2O3, FePO4, 
Li3PO4, LiFeP2O7, Fe2P2O7 etc. may co-exist in the LiFePO4 product based on the precursors, 
preparation mode and growth conditions. Some of the impurities may help the 
electrochemical performance by improving the conductivity while some others may poison 
the performance to a greater extent. Significant amounts of Fe2P2O7 and Li3PO4 impurities 
can be formed in the LiFePO4 product for Li-deficient and Li-excess stoichiometry, 
respectively. FePO4 is another common impurity of LiFePO4. Although the lithium ions can 
be inserted and extracted from some types of FePO4 successfully, capacity is lost to a certain 
degree due to the lack of a Li source [65]. Preferably, a sufficient supply of lithium ions is 
needed during synthesis to avoid the formation of FePO4.  
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According to Kim et al. [38, 40, 41] the formation of Li3Fe2(PO4)3 and Fe2O3 for Li-rich 
compositions may be due to the partial oxidation of LiFePO4 or minor inhomogeneities in the 
reactants. It is possible that Fe
3+
 is formed by the oxidation with the trace amount of oxygen 
in the inert gas flow and/or residual air trapped in the small pores of the particles [6, 20, 29, 
58, 66, 67]. Julien et al. [68, 69] compared the specific capacity vs. cycle life at 60 °C 
between the optimized sample without Fe2O3 impurity and the sample contaminated with 0.3% 
Fe2O3 impurity; they found that capacity decreased by 1 and 8%, respectively, over the same 
cycles, indicating that preparation of a phase-pure LiFePO4 sample is important for good 
electrochemical performance of cathode.  
Yamada et al. [5, 6, 20, 22] identified two key challenges in achieving optimal cathode 
performance for LiFePO4: (1) undesirable particle growth at T > 600°C and (2) the presence 
of residual non-crystalline Fe
3+
 containing phase at T < 500°C. To avoid the formation of Fe
3+
 
containing compounds, LiFePO4 is typically synthesised under reducing conditions using 
relatively high temperature processing (typically 600 – 800°C) and a low oxygen environment 
[29, 40, 41, 70]. If the heat-treatment is carried out at > 800 °C, various types of Fe
3+
 
containing compounds such as Fe2O3, and Li3Fe2(PO4)3 may be formed [6, 71]. In some cases, 
even stronger reducing environments such as the presence of both carbon and H2 as reducing 
agents are needed in order to minimise the likelihood of formation of Fe
3+
 containing phases 
[29, 40, 41, 72-74].  
Various research groups have investigated synthetic approaches for LiFePO4 in which non-
stoichiometry is deliberately introduced. It was argued that some secondary phases may 
improve the performance of the electrode, for instance, by acting as electron conductors to 
compensate for the low intrinsic electrical conductivity of LiFePO4 [75]. Ceder et al[76] 
reported the synthesis of high power LiFePO4 with a fast Li-conducting surface phase 
prepared through controlled off-stoichiometry. However, these results were later questioned 
[77, 78].  Rho et al. [79] reported an increase in the electrical conductivity by producing iron 
phosphides (FeP and Fe2P) along with the LiFePO4. The Fe2P is a common impurity formed 
at high temperature, in the presence of carbon as a reducing agent [79-82]. Rho et al [79] also 
found phosphides could be formed at lower temperatures and shorter sintering periods using 
stronger reducing environments such as 7% H2-N2 or NH3 atmospheres. However, others  
have reported that Fe2P can limit the rate of diffusion of Li
+
, and also the iron may dissolve in 
the electrolyte of the batteries [58].  
 
 
~ 40 ~ 
 
2.5.5 Doping 
Low-level cationic doping was also considered as a way to improve the electron conductivity 
[80]. Comparisons were made on Zr-doped Li1-xZr0.01FePO4 (with the doping resulting in a Li 
deficiency), stoichiometric LiFePO4, and undoped Li-deficient LiFePO4 processed at 
temperatures ranging from 600 to 850°C which led to an improvement in the electronic 
conductivity [80, 83]. However, subsequent works have shown that the increase of the 
electron conductivity is not linked to a doping effect, but it is either due to a carbon coating 
formed from the carbon-containing precursors, or due to formation of metal-rich phosphides 
[82].  
It is well known that electronic conductivity of layered LiCoO2 electrodes can be improved by 
making small substitutions on the metal sites by partially substituting Co
3+
 ions by Mg
2+
 ions, 
thereby introducing mixed-valence Co
4+/3+
 character [84]. Thus, the electronic conductivity of 
LiCoO2 can be increased by two orders of magnitude to 0.5 S/cm [85]. It appeared difficult to 
introduce mixed-valence Fe
3+/2+
 to the corner-shared FeO6 to increase the electronic 
conductivity in LiFePO4.This is because the addition of a multivalent ion dopant on the Li or 
Fe sites (such as Mg
2+
 on the Li
+
 site or Al
3+
 on the Fe
2+
 site) would, by charge compensation, 
reduce the average oxidation state of the Fe
2+
 ions, not increase it to 3
+
, thereby preventing 
the development of mixed-valence character [86]. However,  Chiang et al. [87] reported that 
the electronic conductivity of LiFePO4 (~10
–9 
S/cm) can be increased by eight orders of 
magnitude by introducing a small (0.5%) amount of Nb
5+-
doping. Chiang et al, [87] proposed 
a two-phase model to explain the vastly improved conductivity of doped LiFePO4, in which 
the relative proportions of two phases with Fe
3+/2+
 character (one with p-type conductivity and 
one with n-type conductivity) change according to the charge state of the cell. They attribute 
the observed increase in conductivity to Li and/or Fe deficiency in the LiFePO4 phase that 
allows mixed-valence Fe
3+/2+
 on the FeO6 sub array, resulting in p-type conductivity. For a Li-
deficient phase and a trivalent dopant M
3+
, the cation and charge distribution would be:  
Equation 2.3 𝑳𝒊𝟏−𝒂−𝒙𝑴𝒙
𝟑+(𝑭𝒆𝟏−𝒂+𝟐𝒙
𝟐+ 𝑭𝒆𝒂−𝟐𝒙
𝟑+ )[𝑷𝑶𝟒] 
in which x represents the amount of M
3+
 dopant on the Li site, and the sum of a and x the Li 
deficiency. During charging of the cell, complete extraction of Li from the structure would 
yield an electronically conducting phase:  
Equation 2.4 𝑴𝒙
𝟑+(𝑭𝒆𝟑𝒙
𝟐+𝑭𝒆𝟏−𝟑𝒙
𝟑+ )[𝑷𝑶𝟒] 
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with mixed-valence Fe
3+/2+
 character, but this time with a proposed n-type conductivity. The 
model of Chiang et al is consistent with the superior electrochemical performance that was 
reported.  This increase is not restricted only to Nb
5+
-doping  an increase in conductivity of at 
least six orders of magnitude was also obtained for low levels of Mg
2+
, Al
3+
, Ti
4+
 and W
6+
 
doping [86]. 
2.5.6 Conductive Coating 
During the charging/discharging process, insertion/extraction of Li
+
 ions must be 
accompanied by electron transfer to keep the charge balance. If electrons cannot be 
transferred rapidly, the electron mobility will limit the Li
+
 insertion/extraction process to give 
a deteriorated e power rate [88-91]. Because LiFePO4 has a very low conductivity at room 
temperature, it could achieve the theoretical capacity only at a very low current density [6, 92] 
or at elevated temperatures [93]. Therefore, to meet the requirements of practical applications, 
both improved Li
+
 ion diffusion rate and a high electronic conductivity are necessary. As 
discussed in the following sections, many electrochemically active materials are not good 
electronic conductors. Therefore it is necessary to add an electronically conductive material 
such as carbon black. To physically hold the electrode together, a binder is also added. In 
these cases the electrochemical reaction can only occur at those points where the active 
material, the conductive diluent, and electrolyte meet. Thus, most electrodes are complex 
porous composites. 
 
Two broad strategies have been employed to increase the electrical conductivity and Li
+
 
diffusion rate. One is the reduction of the particle size of LiFePO4 and consequently the 
reduction of the diffusion length, both for electrons and Li-ions. The other strategy is the 
manufacture of LiFePO4 which is coated with a conductive phase, such as carbon [6, 7, 63, 72, 
80]. Alternatives to carbon coating include some metal additives such as silver or copper. 
These can improve considerably the kinetics of LiFePO4 without altering the crystal 
structure[94]. However, this method is much more expensive than carbon coating and it is not 
an ideal choice for mass production [11].  
2.5.6.1 Carbon Coating 
Armand et al. [72, 95] showed that the carbon coating of LiFePO4 significantly improves the 
electrochemical performance of the material. Coating may increase the electronic conductivity 
several orders of magnitude; pure LiFePO4 has theoretical electronic conductivity of 10
-9
 
S/cm [80], whereas carbon-coated samples have a conductivity of around 10
-5 
- 10
-6 
S/cm [96]. 
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Furthermore,  the carbon coating limits the size of the phosphate crystallites, and thus 
simultaneously reduces the distance for Li
+
 transport [97, 98]. As shown in Figure 2.5 the 
carbon coating ensures that electrons pass through the surface of each LiFePO4 particle 
effectively shortening the path length for their transport. Because of the thin carbon coating, 
the Li
+
 can easily intercalate into the LiFePO4 through the graphitic carbon coating layer. The 
benefit is that an electron reaching the surface of the particle during the charging process can 
be transported to the collector via the percolating carbon matrix, limiting the slow electron 
path inside LiFePO4 to particles of small radius. 
e-
LiFePO
4
 particle Carbon 
coating
 
Figure 2.5 Schematic illustration of proposed structure for LiFePO4 particles with nanosize 
carbon coating. Adapted from ref [62]. 
Following Armand’s work [72], numerous articles discussed the synthesis, electrochemical 
behaviour, and problems associated with LiFePO4/Carbon composites. Soon it was found that 
the electrochemical properties of LiFePO4 are strongly influenced by the quality of the carbon 
coating, including the amount of carbon,[99] the degree of graphitization [68, 100], the 
morphology and the distribution of the carbon on the LiFePO4 surface [62]. Reduced Li
+
 ion 
diffusion distances and carbon coating ameliorates the effects of low electronic conductivity, 
allowing full charge and discharge at high rates. Therefore, in order to obtain acceptable 
energy and power from the lithium cells, it is considered necessary to produce small LiFePO4 
particles either coated or in intimate contact with electronically conductive carbon [7]. 
Research on carbon coating has also focused on controlling the morphology and distribution 
of carbon deposited on the surface of the LiFePO4 particles. Much effort has been made to 
obtain LiFePO4 with a complete, homogeneous, thin coating of carbon that ensures the 
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LiFePO4 particles can get electrons from all directions and the Li
+
 ions can penetrate through 
the carbon without appreciable polarization. There are two approaches to coat the LiFePO4 
particles; either by adding conductive carbon to already synthesised material (ex situ); for 
example, carbon black with varying degree of graphitisation and/or surface area or highly 
conductive carbon nanotubes, graphene etc. The second approach is to produce carbon 
coating in situ- during the synthesis of the LiFePO4 under inert or reducing conditions. In the 
second case, carbon originates from the organic additives, ligands or solvent used to facilitate 
the synthesis of the phosphate product.  
 
2.5.6.2 Effect of Carbon Formed in Situ 
The carbon coating is most conveniently achieved by including a carbon source during initial 
synthesis of the LiFePO4 sample. However, the carbon coatings produced in situ from the 
organic additives are disordered with relatively low degree of graphitisation due to the 
relatively low calcination temperatures (generally, 600 – 700 °C) [68, 71, 101]. The carbons 
with low degree of graphitization contain fewer sp
2
 bonded hexagonal rings and significant 
percentages of sp
3
 bonded carbons. They are less conductive than graphite, because the 
conductivity is related to the delocalisation of the -electrons which depends on size and 
continuity of the domains containing sp
2
 bonded hexagonal rings. Any discontinuity in the 
hexagonal ring structure would result in the point defects with sp
3
 character, localisation of 
the -electrons and thus a decrease in conductivity. Very high sintering temperatures may 
lead to formation of a Fe2P phase [41]. Composites containing mixtures of carbon and Fe2P, 
which are believed to improve electron conductivity of the LiFePO4 product, can also be 
generated from an aqueous sol–gel method by using ethylene glycol as the carbon source and 
heating in an atmosphere of 5% H2 in nitrogen [45]. However, the effect of Fe2P on the 
electrochemical performance is still under debate. 
The nature of the organic carbon source is also important. A four orders of magnitude 
increase in the electronic conductivity was obtained by adding sucrose to produce carbon on 
LiFePO4 raw materials with spray pyrolysis; the final product showed an excellent 
electrochemical performance [102]. Huang et al. [7] proposed coating the material with 
carbon-gel during the synthesis step and found capacities approaching 100% of the theoretical 
at very low cathode loadings, 5 mg/cm
2
, and high carbon contents. They obtained 800 cycles 
at approximately 120mAh/g using high rates.  
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The electrochemical performance is also greatly affected by the distribution of carbon over 
particle surfaces and details of its structure. Dominko et al.[81, 103-106] employed the sol–
gel route to prepare a sub-micron LiFePO4 powder that was coated by a continuous thin film 
with interconnected and hierarchically organized pores in the meso (2 – 50 nm) and macro (> 
50 nm) range that formed a three-dimensional conductive network within the LiFePO4/C 
composite. It demonstrated a decent electrochemical performance of more than 140 mAh/g at 
a 0.5 C rate during continuous cycling. The presence of carbon or carbon-containing 
precursors during calcination in an inert atmosphere has several additional beneficial effects;  
 It retards grain growth, resulting in small particles that will allow rapid extraction of 
Li
+
 ions,  
 It can act as a reductant and therefore, without carbon additive, the formation of the 
residual Fe
3+
 phase may occur which leads to the formation of contaminating phases 
such as Fe2O3 and Li3Fe2(PO4)3 [20],  
 The carbon coating modifies the surface of the LiFePO4 and can minimize the intrinsic 
surface disorder at the interface between the LiFePO4 electrode and electrolyte.  
This is a significant benefit for the nanosized electrode materials where the increased surface 
area has a negative effect for long term stability, ionic and electronic conductivity [28, 107, 
108]. 
2.5.6.3 Effect of Carbons Synthesised ex-Situ   
Alternatively, highly conductive, sp
2
 bonded carbons such as carbon black (CB), carbon 
nanotubes (CNT) and graphene can be added ex situ to the LiFePO4 reaction mixture. Carbon 
nanotubes are one of the sp
2
 bonded allotropes of carbon which can be viewed as one or more 
graphite sheet(s) rolled into a tube shape. Carbon nanotubes are molecular wires whose 
electronic properties are largely determined by extended molecular orbitals. Depending on the 
number of layers, CNTs can be divided into categories of single wall carbon nanotubes 
(SWCNT) with diameters of 1 – 3 nm, and multiwall carbon nanotubes (MWCNT) with 
diameters of 25 – 100 nm. MWCNTs are relatively cheap and can be used for making 
LiFePO4-CNT composites [109]. Several reports suggest that electrical conductivity and 
electrochemical performance of LiFePO4 crystal can be significantly enhanced by adding 
MWCNTs [11, 37, 46, 54, 55]. A perfect metallic SWCNT is the best electronic conductor 
known to man due to a ballistic (without scattering) one-dimensional electron transport [110]. 
This makes SWCNTs much superior electronic conductors than MWCNTs [63, 111]. Thus, 
low loading of SWCNTs may offer superior rate performance than any other form of carbon 
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additive. Additionally, depending on the precursors used (e.g., carbon containing or 
otherwise), the exact synthetic environment (temperatures, presence of carbon, Ar or Ar/H2 
atmosphere), and the degree and nature of Li non-stoichiometry, different secondary phases 
may be formed in addition to LiFePO4. 
The challenges in the electrochemical performance improvement of LiFePO4 are summarised 
in Table 2.2. 
Table 2.2 Challenge in improvement LiFePO4 electrochemical performance 
Challenges Effect 
Energy Barrier to Li
+
 Diffusion 
 High Li+ conductivity and low 
activation energy in only one direction. 
Antisite Fe Li defect  Block the Li+ diffusion pathway and 
cause the structural instability. 
 Formation of Li3PO4 as an 
electrochemically inactivate material. 
Particle size and morphology  Large particle would increase the 
diffusion size of Li
+
 and increase the 
chance of the pathway blockage. 
Phase purity  Some of the impurities may improve the 
conductivity while some others may 
poison the performance to a greater 
extent. 
Doping  Able to improve the electrical 
conductivity by introducing mixed-
valence but is it difficult for the Fe ion. 
Conductive coating  Only carbon is suitable conductive 
material for massive conduction. 
 Discontinuity and sp3 bonding can 
decreases the conductivity of the carbon 
coating. 
 
2.6 Tap Density 
The volumetric energy density (Wh/L) is of particular interest for portable batteries, 
especially those that power hand-held or laptop devices. The tap density is a measure of the 
volume fraction of active particles in a cylinder after “tapping”, i.e., of the packing density of 
active electrode particles. The density of LiFePO4 is 3.6 g/cm
3
, much lower than that of 
LiCoO2 (5.1 g/cm
3
) and therefore the tap density of LiFePO4 powder is relatively low [112]. 
This limits the volumetric power density of a lithium ion battery containing LiFePO4. For a 
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powder material, the tap density depends not only on the theoretical density, but also on the 
particle morphology, including particle size, geometric shape, and particle distribution. 
Irregular particle shapes result in a lot of voids between the particles and therefore lower 
density, whereas the spherical particles demonstrate higher density and less agglomeration 
[112, 113]. 
As discussed in the previous sections, smaller particle sizes reduce diffusion distances and 
ameliorate the effects of low electronic conductivity, allowing full discharge at even moderate 
to high rates, but the tap density is decreased. Thus, to improve kinetics, new nanostructured 
electrode morphologies, such as nanoparticles, nanofibers and others having at least one 
nanometric dimension, have been considered [27,28]. However, because of the large surface-
to-volume ratio, the interfacial interactions between electrode and electrolyte strongly 
influence the cyclability of the nano-LiFePO4 cathode. In addition, the low tap density of 
these large surface area structures decreases the volumetric energy density and increases the 
reactivity of the battery to an unacceptable level. Accordingly, in some cases it is more 
convenient to stick with conventional electrode morphologies and achieve high rates by a 
proper cell design, e.g. involving the reduction of the electrode thickness. 
Too much carbon seriously decreases the tap density of LiFePO4 [11, 113]. In general, the 
more the carbon content, or the smaller the particle size, the lower the tap density. Hence, it is 
necessary to optimize the carbon content. It has been found that the optimal carbon content in 
LiFePO4/C should be less than 5 wt.% [11]. For carbon black (CB), little electrochemical 
difference was observed for carbon loadings from 6 to 15 wt. %, except that the polarisation 
observed was slightly higher at 6 wt. %; however  the tap density decreased significantly 
[105]. The binder used to fabricate the cathode film on the current collector also decreases the 
tab density. Calculations based on the theoretical density show that the volume energy density 
of LiFePO4 decreases by 25% if the LiFePO4 cathode contains 10% CB and 5% binder [65]. 
It is important, therefore, to lower the carbon content in the final cathode as much as possible 
without affecting the electrochemical performance. Hence, the identification of appropriate 
binders and conductive additives is an important step in lithium battery technology. 
2.7 Summary and Conclusions 
The olivine host FePO4 allows the reversible insertion of Li ions to form LiFePO4 with a 
theoretical specific capacity of 170 mAh/g at V = 3.45 V versus Li
+
/Li
0
, which is well within 
the window of polymer as well as the carbonate electrolytes. It is an inexpensive, 
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environmentally benign, safe cathode capable of thousands of charge/discharge cycles 
without degradation.  Over the past decade, better control of synthesis parameters and the use 
of conductive coatings have transformed LiFePO4 from a poorly performing material to one 
of the most attractive cathodes for Li-ion batteries. LiFePO4 cathodes are already in 
commercial use in batteries for power tools and small vehicles with acceptable rate 
capabilities.  
For realisation of wide industrial application including electric vehicles, easily controllable 
routes to produce high-quality LiFePO4 material at low cost should be continuously 
developed. The major drawbacks of the limited rate capability at high currents of LiFePO4 are 
the one dimensional Li
+
 transport through the 1D channel along the b-axis and the low 
electron conductivity. Together these limit the cathode rate performance. In the future, it can 
be anticipated that LiFePO4 will continue its ongoing improvement with carbon coating, 
nanocrystallization, and material processing. There remain plenty of opportunities for 
tailoring the architecture and morphology to obtain more desirable properties. A careful 
control of the synthesis procedure is needed to avoid any impurity, which can block these 
channels and poison the electrochemistry of the positive electrode in Li-iron phosphate 
batteries.  
Further improvement of the rate capability of LiFePO4/Carbon composites can be expected 
with the addition of conductive carbons with novel architectures. Adjusting the amount of 
carbon, carbon type, morphology of carbon and its distribution in the cathode are possible 
ways of further improving the electronic conductivity of the cathode material. How to control 
the generation of impurities in the material, to avoid the harmful impurities, and to achieve 
the beneficial phases is important for the synthesis of LiFePO4.  Therefore, understanding 
about the all the effects of the impurities, including the positives and the negatives is 
necessary. More work is also needed to ensure that the batteries can withstand operation at the 
high and low temperatures required by electric vehicles or hybrid electric vehicles. An 
improved LiFePO4 cathode can be considered to be a leading contender for the cathode of 
large-capacity batteries needed for hybrid vehicles. 
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Chapter 3 Synthesis of Carbon-Free LiFePO4 by a Novel 
Co-precipitation Method 
Chapter 3 describes the development of a single-step method for the synthesis of carbon-free 
LiFePO4 material using a novel co-precipitation approach. The effect of the mixing sequence 
on the nature of the precursor, as well as on the evolution of the final product after high 
temperature treatment, is investigated by simultaneous Differential Scanning Calorimetry/ 
Thermogravimetry/Gas Infrared Spectroscopy (DSC/TGA/gas IR). The phase evolution of the 
carbon-free material is characterised by X-ray diffraction, whereas vibrational spectroscopic 
techniques (IR and Raman) are used to investigate the local structure changes upon heating 
under inert (Ar) and reducing (Ar/H2 95/5 v/v.%) conditions at three different temperatures. A 
mechanism is then proposed describing the formation of carbon-free LiFePO4 and optimised 
synthetic conditions are summarised. The synthesis of phase pure LiFePO4 from carbon-free 
precursors offers the opportunity to investigate the effectiveness of various LiFePO4/carbon 
composites with a view to enhance the electrochemical performance of the cathode material.  
3.1 Introduction 
As already discussed in chapters 1 and 2, LiFePO4 is now one of the established alternatives 
to the oxide cathode materials, for which applications are limited by resource availability and 
safety issues [1]. The LiFePO4 has a theoretical specific energy of 170mAh/g and a high 
redox potential (3.45V versus Li/Li
+
) [2-4]. Further, the low cost, high resource abundance 
and environmental dengnity, makes LiFePO4 containing cathode materials appealing for 
rechargeable lithium batteries for vehicles [5-7]. However, the full potential of the material is 
sometimes difficult to achieve due to its limited electrical conductivity and low rate of Li
+
 ion 
diffusion that together may limit the battery performance in power-demanding applications 
[8-10].  
Due to the inherently low electronic conductivity in the bulk, it is therefore essential to 
optimize LiFePO4 characteristics to obtain good electrochemical properties. This includes 
modification of crystal growth to minimize lattice defects and particle size (hence reducing 
the path length for electron and lithium ion transport), and modification of the crystallite 
surface to create conductive species that can act as ‘electronic wires’ to feed electrons into the 
lattice without blocking access of lithium ions. Some of the critical factors that need to be 
considered include how to design and tailor the ideal nanostructure and determine its 
optimum morphology and the nature of the interface. 
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There are two broad strategies that have been employed to address the low Li
+
 diffusion rate 
and low electric conductivity of LiFePO4. One is to reduce the LiFePO4 particle size to a 
nanometre level which would consequently lead to a reduction in the diffusion path length in 
the phosphate structure for both electrons and Li
+ 
ions. The other strategy is to manufacture 
LiFePO4 particles coated with a conductive phase, such as carbon, thereby improving the 
electronic contact between the particles [11-14]. Carbon coating also suppresses the crystallite 
and particle growth and therefore offers an indirect electrochemical advantage as it limits the 
Li
+
 diffusion distance [15, 16].  
Ravet et al. reported different ways to obtain carbon deposits on LiFePO4 phase from the 
decomposition of organic substances or from the ligands in the precursor materials (acetate, 
oxalate, etc.) in  one- or two-step synthesis [17, 18]. Interestingly, without the carbon additive, 
the oxidised Fe
3+
 as Fe2O3 phase was detected in the phosphate product.  This confirms that 
the presence of carbon additive acts as a reductant during heating to offer phase purity in 
LiFePO4.  The presence of Fe2O3 is not desirable since Fe(III) impurities alter the desired 
stoichiometry giving rise to additional phases such as Li3Fe2(PO4)3, FePO4 and indirectly to 
Li3PO4 that adversely modulate the electrochemical properties of the cathode material [19]. 
Therefore, the addition of some form of carbon during synthesis may have three beneficial 
effects on the electrochemical performance of the cathode material;  
 It facilitates the formation of phase-pure LiFePO4,  
 It enhances its electronic conductivity and, 
 It retards the crystallite growth, which in turn improves Li+ diffusion rates and hence 
the cell power capability.  
According to the literature, these process complexities are reflected in the specific energy of 
carbon containing LiFePO4 cathode materials, which vary in a broad range from 100 to 
170mA/g (theoretical value). Further, it is important to note that the latter is achieved only 
when a significant amount of carbon (15 – 20 wt.%) is added to the LiFePO4 cathode material. 
The addition of high loadings of carbon can have a dramatic negative impact on the tap 
density of the powder. The presence of as little as  2wt% carbon in the composite material can 
significantly reduce tap density, which in turn gives rise to energy densities only half of those 
of conventional cathode materials such as LiCoO2 [20]. Hence, carbon has to be added to the 
LiFePO4 in the smallest amounts possible in order to maintain the energy density of the 
material. 
 
 
~ 58 ~ 
 
 
It is worth noting that in terms of conductivity the carbon additives may not be equal. For 
example, if sp
3
 bonded carbon coatings are formed in situ during the pyrolysis of the carbon 
containing precursors then it may not increase electron conductivity. However, these carbons 
may have a beneficial effect on the battery power because they may precipitate at the 
crystallite and particle interfaces, limiting the crystal sizes of the phosphate particles and 
hence reducing the Li
+
 diffusion path-lengths. Preferably, the carbon coating should contain 
mainly sp
2
-bonded carbons with delocalised π electrons in order to simultaneously (i) improve 
the electronic conductivity and (ii) modulate crystallite sizes of the phosphate product.  
The possible multiple effects of the carbon additives on density, purity, crystallinity and the 
electrochemical performance of the final product makes it difficult to decide on the amount of 
a specific type of carbon that needs to be added during the synthesis of the cathode material. It 
is therefore important to investigate the effect of various nanocarbons, in particular sp
2
 
bonded ones, on the crystallite size, particle morphology and electrochemical performance of 
phosphate product. However, the review of all synthetic procedures reported for LiFePO4 
confirms that carbon is always present in some form (from ligands, solvents or additives) and 
thus it is included in the final product. Further, the majority of the proposed synthetic 
procedures are based on solid-state reactions between lithium, iron and phosphorous 
containing precursors, which may not lead to the desired homogeneity between the added 
carbon and the cathode material. Therefore, a new synthetic methodology is required where 
care is taken to eliminate all possible carbon contaminations en route to carbon-free LiFePO4. 
This will enable us to evaluate the electrochemical properties of cathode materials after the 
addition of known loadings of specific types of carbon during the synthesis of the cathode 
material.  The development of such a method is described in this chapter. 
3.2 Synthesis of the Carbon-free Precursor Containing Li, Fe and P in 
Stoichiometric Ratio 
The LiFePO4 precursor was synthesised in a rotary evaporator (Laborota 4000, Heidolph) 
using co-precipitation methodology from an aqueous medium. The schematic of the rotary 
evaporator set up and the auxiliary attachments are illustrated in Figure 3.1. Three separate 
1M stock solutions were made by dissolving 1 mole LiOH∙H2O (Sigma-Aldrich, ≥98 % 
purity), 1 mole FeSO4∙7H2O (Sigma-Aldrich, ≥ 99% purity) and 1 mole NH4H2PO4 (Sigma-
Aldrich, 98+% purity) in Milli-Q water. All experiments included mixing of stoichiometric 
amounts of the three stock solutions (Li:Fe:P = 1:1:1) in a 250 ml pear-shaped flask (1 in 
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Figure 3.1) with a magnetic stirrer. Immediately after mixing, the flask was connected to a 
rotary evaporator and immersed in a water bath preheated to 40 °C.  The mixture was then 
stirred for 20 min at 180 rpm. A light greyish-blue turbid suspension was formed during this 
step. The suspension was concentrated and almost completely dried by evaporation under 
reduced pressure during continuous stirring at 180 rpm in the water bath at 40 °C for 12 hrs. 
To minimise the likelihood of oxidation of the Fe
2+
 species, the dried precipitate was 
recovered from the flask and was stored in a desiccator at ambient temperature under reduced 
pressure for further analyses. 
1
2
7
3
4
5
6
 
Figure 3.1 Schematic of rotary evaporator setup. Temperature controlled water bath is used to 
accelerate the co-precipitation rate and, once the precipitate is formed, to dry the 
solution mixture at reduced pressure. Rotation of the sample containing flask can 
stir mix the solution mixture and keep the mixture homogenous during co-
precipitation and subsequent drying.  
Three different mixing sequences were employed; first two of the stock solutions were mixed 
in the flask and then the third solution was quickly added using a pipette. Each volume was 50 
ml. The solutions mixing sequences were as follows: (i) Fe
2+
 and PO4
3-
 solutions were mixed 
first and then the Li
+
 was added, (ii) Fe
2+ 
and Li
+
 were mixed first and then the PO4
3-
 was 
added and (iii) Li
+
 and PO4
3-
 solutions were mixed first and then the Fe
2+
 was added. The 
resulting three solutions are codenamed LP1, LP2 and LP3 respectively. The colour of all 
three precipitates remained the same (grey-blue), irrespective of the mixing order (Table 3.1). 
The crystalline phases were investigated by a Bruker D8 Advance X-ray diffractometer in the 
two-theta range of 15 to 60 degrees with 0.02 degrees per step and a step time of 5 sec/step 
using Cu K radiation (40 kV and 40 mA).  
 
1 Reaction flask  
2 Water bath 
3 Condenser 
4 To vacuum pump  
5 Cold water and ice mixture  
6 
Flask collecting the 
condensed solvent (water) 
7 Control unit 
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Table 3.1 Summary of the mixing sequences code-named LP1, LP2 and LP3. 
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Figure 3.2 Comparison of the X-ray diffraction patterns of the three precipitates produced at 40 
ºC using three different mixing sequences. Note the phases in the three samples are 
similar. The phases in LP3 are assigned to (*) LiNH4SO4 phase and (#) 
Fe3(PO4)2·8H2O, phase. There is also tentative evidence for (○) (NH4)2Fe(SO4)2·6H2O 
phase. 
All three precipitate demonstrate similar but rather complex diffraction patterns consisting of 
broad bumps over a wide two-theta range and narrow, weak reflections suggesting the co-
existence of amorphous and several crystalline phases (Figure 3.2).  
Based on the XRD patterns database, three crystalline phases are tentatively identified in all 
three precipitates. The assignments are a little ambiguous as they are based on three of the 
Mixing 
sequence 
First two solutions 
mixed  
Third solution 
added 
Observation 
LP1 Fe
2+
 + PO4
3-
 Li
+
 
Grey-blue 
precipitation  
LP2 Fe
2+
 + Li
+
 PO4
3-
 
Grey-blue 
precipitation 
LP3 PO4
3-
 + Li
+
 Fe
2+
 
Grey-blue 
precipitation 
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strongest reflections only; however, the crystalline phases that constitute precipitates appear 
to be similar in all three samples. These are; LiNH4SO4 (IDD 00-029-0796); Fe3(PO4)2·8H2O 
(IDD 01-079-1928); and possibly (NH4)2Fe(SO4)2·6H2O (IDD 00-035-0764).  
3.3 Decomposition of the Precipitate in Inert Atmosphere 
The decomposition behaviour of the precipitate in argon and the evolution of (1) solid and (2) 
gaseous products during heating were investigated by simultaneous thermal gravimetric 
differential scanning calorimetry (TGA-DSC) analyser NETZSCH, Jupiter STA 449C 
coupled with a gas IR cell. Each precipitate was heated from room temperature to 1000 °C 
with a heating rate of10 ºC/min under a dynamic Ar atmosphere (25ml/min). To investigate 
the molecular state of the IR active gaseous products, the thermoanalyzer was connected to a 
temperature-regulated IR gas cell (120 mm long with an internal diameter of 8 mm) attached 
to a Bruker Vertex 70 mid IR spectrometer via a 0.8 m long heated transfer line with an 
external diameter of 3.5 cm and an internal diameter of 2 mm. The spectral resolution was 2 
cm
-1
 and 64 interferograms were co-added for each IR spectrum. Prior to each measurement, 
the thermoanalyzer gas transfer line and the IR gas cell were evacuated two times to 10
-2
 Pa 
and then were filled in with argon. Decomposition measurements in a reducing atmosphere 
(Ar/H2) were not carried out due to instrument limitations. 
3.3.1 Decomposition Profile in Argon 
Figure 3.3 shows the TGA-DSC profile of the sample code-named LP1 heated from ambient 
temperature to 1000ºC in 99.999% purity argon at a heating rate of 10 ºC/min. During heating, 
five endothermic effects appear within the temperature range 110 – 700 ºC at 191, 378, 417, 
477 and 578 °C, respectively. The first four endothermic effects are broad and are 
accompanied by significant mass-losses, which suggests a multi-step decomposition process 
occurs during heating. The gradual mass-loss between 700 – 900 ºC is not associated with 
well-defined heat flow effects. This could be due to gradual loss of residues originating from 
the ligands in the precursor precipitate. Finally, above 900 ºC the mass-loss curve levels off.  
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Figure 3.3 Simultaneous TGA-DSC traces of the sample code-named LP1 heated in argon from 
ambient to 1000 °C. 
The narrow and sharp endothermic effect at 578 ºC is not associated with any mass change, 
which indicates that a physical effect such as melting or polymorphic transformation of a 
crystalline phase happens at that temperature. Interestingly, the DSC trace does not show an 
exothermic peak due to crystallisation of a phosphate product. From the literature, it is known 
that the crystallisation of the LiFePO4 phase occurs at about 480°C giving rise to a relatively 
weak exothermic peak [21, 22]. This suggests that the exothermic peak could be overlapped 
by the strong endothermic peak at 477 °C. This possibility is discussed in section 3.3.3. 
The thermal behaviour of the precipitates code-named LP2 and LP3 produced by different 
mixing sequences demonstrate very similar decomposition and crystallisation patterns as 
sample LP1. For this reason their DSC-TGA patterns are not shown and not discussed 
furthermore in this thesis. 
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3.3.2 Gaseous Decomposition Products 
Evolved gases during the decomposition of the precursor in the DSC-TGA facility were 
characterised by simultaneous gas IR spectroscopy where one IR spectrum was collected 
every 50 seconds during the heating of the precursor sample LP1 in argon. The gas-IR 
analysis of the species produced during the first mass-loss step at ~ 191
o
C in Figure 3.3 
demonstrates a broad band centred at about 3300 cm
-1 
and another centred at about 1650 cm
-1
, 
characteristic of stretching and bending modes of water molecules (the spectrum is not shown 
here). This means that the first decomposition step is mainly due to decomposition of crystal 
hydrates [Fe3(PO4)2·8H2O and (NH4)2Fe(SO4)2·6H2O] in the precursor precipitate and 
evolution of water vapours.  
Interestingly, the three mass-loss events represented by the minima at 378, 417, 477 °C in 
Figure 3.3 demonstrate very similar gas IR signatures, though the spectral intensities vary. 
Likewise, the gradual mass-loss above 600 °C is associated with the evolution of gaseous 
products with similar spectral features. Thus, for simplicity, only two representative gas IR 
spectra were extracted from the stack; one is corresponding to the decomposition interval of 
300 – 500 °C and the other to 600 – 850 °C (Figure 3.4 A). The IR spectrum representative 
for the 300 – 500 ºC range shows several distinctive peaks at 3334, 1626 966, 932 and 629 
cm
-1
.  The peak 3334 cm
-1
 lays in the stretching region for N-H bonds, whereas the peaks at 
1626 cm
-1
 and at 629 cm
-1
 and the doublet at 966 and 932 cm
-1
 are characteristic of N-H 
deformation modes of ammonia molecules [23-26]. The multiple peaks in the region 1376 cm
-
1
 to 1344 cm
-1
 are characteristic of asymmetrical and symmetrical S–O stretching modes of 
SO2 species [24, 27]. This indicates simultaneous decomposition of ammonium and sulphate 
ligands occurs between 300 and 500 °C. The gas-IR spectrum corresponding to the gases 
evolved in the 600 – 850 °C range shows a weak doublet in the range at 2533 – 2500 cm-1 
close to the reported vibrations of pure H2S molecules. The multiplet in the range 1376 to 
1344 cm
-1
 consisting of partially overlapping peaks is assigned to asymmetrical S-O stretches 
of SO2 molecules [24, 28]. The doublet at 1166 and 1128 cm
-1
 is assigned to the respective 
symmetrical S-O stretches [27, 29, 30]. The peak at 3334 cm
-1
 and relatively weak doublet at 
966 and 932 cm
-1
 suggest that decomposition of nitrogen containing residues continues at 
higher temperatures though the sulphur containing species dominate.   
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Figure 3.4 Gas-IR analysis of volatile, IR active species with the temperature (A) Two 
representative IR spectra of the species evolved in the range 300 – 500 °C and 600 
– 850 °C, respectively. Evolution profiles with the temperature of vibrations (B) at 
966 cm
-1
 due to N-H bond containing species and (C) at C 1376 cm
-1
 due to and S-O 
bond containing species. 
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Additional information on the decomposition profile of the precursor was obtained by 
measuring the intensity variations, with the temperature of the vibrations at 1376 cm
-1
 and at 
966 cm
-1
 due to the presence of SO2 and NH3 gaseous products, respectively. Figure 3.4 B 
shows that the evolution of NH3 containing gaseous products commences at ~ 270 °C and 
shows three maxima at about 350, 410 and 490 ºC after which the intensity gradually 
decreases. This profile suggests that the NH3 containing gaseous species evolve from at least 
three different NH4
+
 containing ligands in the precipitate. 
The evolution profile of the SO2 species commences at higher temperatures and also exhibits 
a complex pattern consisting of absorption maxima at ~ 410ºC, 490ºC and 700ºC (Figure 3.4 
C). The correlation between the NH3 and SO2 evolution profiles (Figure 3.4 B and C) and the 
mass loss profile (Figure 3.3) demonstrate that the decomposition of the precipitate 
commences with evolution of gaseous species from decomposition of NH4
+
  ligands only up 
to about 380 – 390 ºC.  The second and the third mass-loss steps between 400 and 500 ºC are 
due to simultaneous decomposition of NH4
+
 and SO4
2-
 containing ligands, which suggests that 
these originate from components in the precipitate containing mixed ammonium-sulphate 
ligands such as LiNH4SO4 and/or anhydrous (NH4)2Fe(SO4)2. Above 600 ºC only sulphur 
containing species are detected giving rise to SO2 in the gaseous products. The weak S-H 
vibrations detected above 500 ºC (Figure 3.4 A) and S-O containing functionalities suggests 
that during the heating of the precipitate in argon, the majority of the sulphate SO4
2- 
containing ligands are reduced from 6
+
 to 4
+
 (SO2) and some even more so to 2
- 
(H2S). 
In summary, the simultaneous DSC-TGA gas IR analyses demonstrate that during heating in 
argon from ambient temperature to 1000°C the precipitate undergoes at least four 
decomposition steps.  During the first and the second step the material loses absorbed and 
crystalline water and ammonium ion containing species. The third step is due to simultaneous 
evolution of ammonium and sulphate species. The forth step is mainly due to loss of sulphate 
groups which evolve up to about 900°C. 
3.3.3 Phase Transformations above 430°C 
Non-isothermal heating in argon showed several decomposition steps below 500 °C 
associated with endothermic effects, but did not exhibit any exothermic effect to indicate 
crystallization of the phosphate product. It may be that the complicated decomposition 
behaviour of the precipitate obscures the exothermic effect due to crystallization of the 
product. To investigate this possibility the precipitate was heated at 430 °C for 1 hour in a 
tube furnace under Ar flowing at 25 ml/min and then was cooled to ambient temperature 
B 
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under flowing argon. The XRD analysis of the sample produced at that temperature showed 
no crystalline phases, just a featureless broad halo typical of patterns of amorphous materials 
(not shown). During subsequent heating from 110 to 800 ºC in argon, the sample 
demonstrates a weak exothermic peak at 473 ºC which we attribute to the crystallization of 
the phosphate phase (Figure 3.5).   
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Figure 3.5 DSC trace of partially decomposed LP1 by heating at 430 °C for 1 h in argon and 
subsequent reheating from ambient temperature to 800 °C.  
The non-isothermal heating experiments shown in Figures 3.3 and 3.5 demonstrate a 
distinctive endothermic effect at 578 ºC when the precursor precipitate is heated in argon 
from ambient temperature to 800 °C, or after partial decomposition at 430 °C and subsequent 
reheating from ambient temperature to 800 °C. The nature of this heat-flow effect at 578 °C is 
discussed in section 3.5.2. 
3.4 Nature of the Solid Products above 500 °C in Inert and Reducing 
Atmosphere 
Non-isothermal (dynamic) heating experiments discussed in the previous sections suggest that 
the crystallisation of the phosphate product should commence at temperatures above 473 °C. 
To investigate the phosphate phase evolution, two sets of samples were produced by 
isothermal heating at 500, 550, 650 and 750 ºC in a quartz-glass tube furnace for 2 hours 
under; (1) an inert argon atmosphere and (2) a reducing atmosphere (Ar/H2, 95/5 v/v. %, 
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respectively). The system provides a controlled dynamic atmosphere with a constant flow rate 
during heating. Any gases produced during heating can be removed from the system 
immediately via the oil trap (Figure 3.6).  
 
Figure 3.6 Schematic diagram of the quartz-glass tube furnace setup. 
The tube furnace was initially purged with Ar gas at ambient temperature for half hour at a 
rate of 1L/min to expel all residual air. The gas flow rate was then decreased and kept 
constant at 25ml/min during heating to the desired temperature, isothermal heating and also 
during cooling to ambient temperature.  
The samples were characterised by spectroscopic (IR and Raman) techniques and the phase 
evolution by X-ray diffraction. The vibrational spectra (IR and Raman) of the solid precipitate 
and the phosphate products were recorded using a Bruker Vertex 70 IR spectrometer and a 
Bruker Senterra III Raman spectrometer using a 532 nm excitation laser focused through an 
objective lens with 50X magnification. During measurements, the laser power was kept less 
than 1.5 mW. Note that when a laser with excitation energy corresponding to 532 nm is used 
and the characterisation is carried out in air, a very low power level is required to minimise 
the likelihood of iron oxidation under the laser beam. The changes in the crystalline phase 
were investigated by a Bruker D8 Advance X-ray diffractometer in the two-theta range of 15 
to 60 degrees, with 0.02 degrees per step and a step time of 5 sec/step using Cu K radiation. 
3.4.1 Phase Evolution during Heating in an Argon Atmosphere 
The XRD patterns of the samples produced by heating in argon atmosphere, at 500, 550, and 
750 °C, respectively are shown in Figure 3.7. The sample produced at 650 ºC demonstrates 
very similar spectral and diffraction features as the sample prepared at 750 ºC, and is not 
included. The XRD pattern of the sample produced at 500 °C is dominated by the 
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Figure 3.7 XRD diffraction patterns of material produced by heating in argon for 2 h at 500, 550 
and 750 ºC.  
characteristic peaks of the -Li3Fe2(PO4)3 phase (ICDD 01-080-1515) and shows evidence of 
-Fe2O3 phase (ICDD 01-089-0599).  
With the increase in temperature to 750 ºC the evolution of these two phases continues, which 
is evident by the narrower peak widths at higher temperatures. No other phases can be 
identified. 
In contrast to the DSC result (Figure3.5) which indicated the possible crystallization of 
LiFePO4, no diffraction patterns from LiFePO4 were identified in any of the samples 
synthesized in an Ar atmosphere. This observation is discussed in section 3.4.2. 
The IR and Raman vibrations of metal-phosphates (such as Li3Fe2(PO4)3 and LiFePO4) can be 
divided into internal vibrations (within atomic groups, i.e. PO4
3-
 tetrahedron) and external 
(lattice) modes. These types of vibrations are usually displayed in the different wavenumber 
ranges; (i) < 400 cm
-1
 lattice modes, ii) 400 – 700 cm-1 deformation vibrations of the valence 
bonds of PO4
3-
 tetrahedra; (iii) 900 – 1250 cm-1 stretching vibrations of the valence bonds of 
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PO4
3-
 tetrahedra [31-35]. Here, these modes are used as tools to investigate the local structural 
changes during heating. 
The IR pattern (Figure 3.8) of the sample produced at 500 ºC demonstrates two broad peaks in 
the high wavenumbers region at 1133 cm
-1
 and 1026 cm
-1
 and two shoulders at about 1210 
and 1070 cm
-1
. In the low wavenumbers region there are three peaks at 637, 470 and 424 cm
-1
 
and several shoulders due to O-P-O deformations. 
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Figure 3.8 IR spectra of material produced by heating in argon for 2 h at 500, 550 and 750 °C.  
Upon heating the broad features in the high wavenumber region split into multiple well 
defined vibrations. In particular, two bands located at 1208 cm
-1
 and 1181 cm
-1
 and the bands 
around 1069 cm
-1
  and 1040 cm
-1
 become well resolved. Usually the bands at 1208 cm
-1
 and 
1181 cm
-1
 are used as spectroscopic evidence of Li3Fe2(PO4)3 because they are absent in the 
LiFePO4 phase [36]. The external modes, i.e. below 400 cm
-1
 composed of Li
+
, Fe
3+
 and PO4
3-
 
translations and rotations also differentiate with the increase of the temperature.  
The Raman spectra provide complementary information to IR spectroscopic data and further 
support the XRD patterns which demonstrate the evolution of mixed phosphate-iron oxide 
phases during heating in argon (Figure 3.9).  
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Figure 3.9 Raman spectra of material produced by heating in argon for 2 h at 500, 550 and 750 
o
C.  For clarity data obtained from samples heated at 650 
o
C is not shown. 
At 500 °C the high wavenumber region in the Raman spectra demonstrates a single peak at 
1012 cm
-1
 with a high and low energy shoulders at ~ 1100 cm
-1
 and at ~ 972 cm
-1
. Upon 
heating to 550 °C the shoulders evolve into two well defined peaks; at 1006 and 1060 cm
-1
, 
which further split into multiple vibrations during heating at 650 and 750 °C, all of which 
agree very well with the vibrations of Li3Fe2(PO4)3 phase reported in the literature [35]. In the 
range 100 – 600 cm-1 the sample prepared at 650 and 750 °C shows lines due to phosphate 
lattice modes at 270 cm
-1 
and the multiplet below 210 cm
-1
. According to Butt et al.[37], the 
weak bands between 300 and 365 cm
-1
 show contribution from (FeO6) and Li- cage modes, 
whereas the peak at 448 cm
-1
, the shoulder at ~460 cm
-1
 and the broad band between 550 and 
590 cm
-1
 are due to PO4
3-
 deformation modes [32]. In addition to the lines due to the 
phosphate phase, the Raman spectra of the sample synthesised at 650 and 750 ºC show lines 
at 225, 245, 291, 297sh and 410sh cm
-1
. These modes and the broad peak at 1315 cm
-1
 due to 
two phonon scattering mechanism are in excellent agreement with the reported Raman spectra 
of the α-Fe2O3 phase [38-41]. Therefore, the material produced in argon consists of two 
phases; a Li3Fe2(PO4)3 phase where Fe
2+
 is oxidised to Fe
3+
,
 
and an Fe2O3 phase formed from 
the remaining iron, even though extra care was taken to avoid atmospheric oxygen during the 
synthesis of the precursor and the phosphate product. It is very likely that the oxidation of 
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Fe
2+
 in the evolving phosphate product could be caused by simultaneous reduction of the 
sulphur during decomposition of the sulphate ligands. This hypothesis is investigated and 
discussed in section 3.5.1. 
3.4.2 Phase Evolution during Heating in Reducing Atmosphere 
The techniques used for the heating of samples under Ar gas were used to characterise the 
samples produced in a reducing (Ar/H2) atmosphere.  
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Figure 3.10 XRD patterns of material produced by heating in argon-hydrogen mixture (95/5 v/v 
%) for 2 h at 500, 550 and 750 
o
C. For clarity data obtained from samples heated at 
650 
o
C is not shown.  
The XRD pattern of the sample sintered at 500 °C in an argon–hydrogen mixture (Figure 3.10) 
is dominated by the characteristic peaks of -Li3Fe2(PO4)3 and -Fe2O3 phases; i.e. it 
resembles the XRD patterns of the samples produced in inert conditions, though there is some 
evidence of formation of a LiFePO4 phase. However, the XRD patterns of the samples 
synthesised at higher temperatures, i.e. 550, 650 and 750 °C validate the diffraction patterns 
of phase-pure LiFePO4 (ICDD 01-081-1173). 
The IR spectrum of the sample prepared at 500 °C shown in Figure 3.11 also confirms 
similarities with the IR spectra of all samples prepared in an inert atmosphere. The distinctive 
IR features at 1206 cm
-1
 and 1181 cm
-1
 as well as the bands at 1070 and1040 cm
-1
 indicate 
that the Li3Fe2(PO4)3 phase is the main phosphate product. The peak at 1118 cm
-1
 and the 
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shoulder at 1137 cm
-1 
are assigned to vibrations of the LiFePO4 phase, though these are 
slightly shifted compared to literature data.  
1400 1200 1000 800 600 400
0.0
0.5
1.0
1.5
2.0
N
o
rm
a
li
s
e
d
 I
n
te
n
s
it
y
 (
a
.u
.)
500 °C Ar+H
2
Wavenumber (cm
-1
)
550 °C Ar+H
2
750 °C Ar+H
2
 
Figure 3.11 IR spectra of material produced by heating in argon-hydrogen mixture (95/5 v/v %) 
for 2 h at 500, 550 and 750 
o
C. For clarity data obtained from samples heated at 650 
o
C is not shown.  
The vibrational bands of LiMPO4 (M= Fe, Mn, Ni, and Co) vibrations have been previously 
reported in the literature and are assumed here [42-44]. These can be divided into two classes: 
internal and external modes. The internal vibrations originate from the fundamental P-O 
modes of the free PO4
3-
 tetrahedra. The free PO4
3−
 ion under ideal Td symmetry has four 
normal modes: ν1, ν2, ν3 and ν4 (ν1 = 990 – 920 cm
-1, ν2 = 465 – 320 cm
-1, ν3 = 1155 – 950 cm
-
1
 and ν4 = 650 – 475 cm
-1). All these modes are Raman allowed whereas ν3 (antisymmetric O-
P-O stretching vibration) and ν4 (antisymmetric O-P-O bending vibration) are the only 
infrared allowed modes. However, in LiMPO4 compounds, upon incorporating in the crystal 
lattice of M
2+
 and Li
+
, the Td symmetry of the free phosphate ion is reduced and the 
symmetric stretching and bending modes become IR allowed. As a consequence, additional 
IR spectral features due to the phosphate group appear. The theoretically predicted IR and 
Raman bands are used as a tool to investigate the purity and the structure of the LiMPO4 
material. The IR spectra of samples prepared at 550, 650 and 750 °C track each other very 
well and demonstrate four bands due to the LiFePO4 phase at 1138, 1096, 1053 and 970 cm
−1
. 
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These are assigned to asymmetrical P-O stretches in the PO4
3−
 anion whereas the shoulder at 
~ 950 cm
-1
 observed on the low-frequency side of the resonance at 970 cm
-1
 absorption is 
assigned to the symmetrical stretches. The four IR bands ranging from 550 to 650 cm
−1
 are 
assigned to asymmetrical PO4
3−
 bending vibrations whereas the bands at 501 and 469 cm
−1
 
are assigned to Li
+
 ion “cage modes” in LiO6 octahedral units [43]. 
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Figure 3.12 Raman spectra of material produced by heating in argon-hydrogen mixture (95/5 
v/v %) for 2 h at 500, 550 and 750 °C. The spectra at 550 °C and 750 °C track each 
other very well and are almost indistinguishable. For clarity data obtained from 
samples heated at 650 °C is not shown.  
In the Raman spectrum  of sample produced at 500 °C there is a series of peaks of medium to 
high intensity at ~ 950, 972, 998, 1035, 1060 and 1100 cm
−1
 characteristic of mixed 
phosphate phases (Figure 3.12). The Raman spectra also show evidence for the formation of 
the Fe2O3 phase (peaks at 224, 291 and 1314 cm
-1
).   
Raman spectra of samples produced at a temperature of 550 °C or higher are almost 
indistinguishable from each other and agree very well with the known spectra of the pure 
LiFePO4 phase. The sharp band with the highest intensity at 950 cm
−1 
in the Raman spectra is 
attributed to symmetric P–O stretching vibration band of PO4
3− 
ion. The other three weaker 
bands at 996cm
−1
, 1069cm
−1
 and at 1081cm
−1
 are assigned to modes which should have 
asymmetrical character. The peaks around 400 – 600cm-1 are assigned to symmetric and 
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asymmetrical bending vibrations of O-P-O bonds in the PO4
3-
 anion [45-47]. Based on the 
literature data, the resonances below 400 cm
-1
 (at 254, 241, 200, 158, 149 and 106cm
-1
) are 
assigned to external (lattice) modes, either rotation or translation motion of the PO4
3-
 ions 
coupled with the translatory motions of the Fe
2+
 and Li
+
 ions in their particular octahedral 
environments (FeO6 and LiO6 respectively) [43, 47-49].  
There is no spectroscopic evidence of Li3PO4 and/or LiFeP2O7 impurities in the LiFePO4 
product. The pyrophosphate groups, P2O7, are known to give rise to a high wavenumber 
stretching band at 1180 cm
-1
 due to the vibration of PO3 terminals and a low-wavenumber 
band at 762 cm
-1
 due to symmetric P-O-P stretching modes [36, 50]. If Li3PO4 impurity is 
present it would modify the IR peak shapes in the high wavenumber region and additional IR 
peaks would appear in the low wavenumber region at ~424 cm
-1 
[51]. The absence of these 
vibration modes demonstrates that the material prepared by heating at 550 °C or above for 2h 
under reducing conditions is free from Li3PO4 and pyrophosphate impurities. Therefore, all 
three techniques are in agreement and do not show presence of any other phosphate than 
LiFePO4 in the product produced during heating in the argon-hydrogen mixture at 550 °C or 
above. 
3.5 Mechanism of Formation of Phosphate Product in Inert and Reducing  
The results reported in the previous sections show that phases produced under inert or 
reducing atmospheres at 500 ºC are similar and consist of Li3Fe2(PO4)3 and Fe2O3 phases (for 
simplicity we ignore the minor amount of LiFePO4 found in the sample produced at 500 °C in 
Ar/H2).  
3.5.1 Formation of Mixed Phase Li3Fe2(PO4)3 – Fe2O3 Product in Inert Atmosphere 
The DSC-TGA-Gas analysis data demonstrated that in argon the decomposition steps of the 
precursor during non-isothermal heating are associated with three maxima in the SO2 
evolution curve. This suggests that the oxidation state of most of the sulphur containing 
species decreases from S
6+
 to S
4+
 (SO2) accompanied with oxidation of Fe
2+
 to Fe
3+
. Given 
that in the precursor precipitate iron is in the form of Fe3(PO4)2·8H2O and 
(NH4)2Fe(SO4)2·6H2O, it is therefore likely that the step-wise decomposition of the second 
phase is responsible for the oxidation of the iron species. During the first decomposition step 
the crystal water is lost, and then at temperatures up to about 500 °C ammonia and sulphate 
containing species evolve (Figure 3.4 B) followed by evolution of SO2 species only (Figure 
3.4 C). The last decomposition step takes place according to the following mechanism:  
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Equation 3.1 𝟐𝑭𝒆𝑺𝑶𝟒
𝟑𝟗𝟎−𝟓𝟎𝟎𝒐𝑪 
→        𝟐𝑺𝑶𝟐 + 𝑭𝒆𝟐𝑶𝟑 + 
𝟏
𝟐
𝑶𝟐 
This mechanism can explain why the evolution of Fe
3+
 species occurs in the absence of 
atmospheric oxygen and suggests that the oxidation of iron is part of the thermal 
decomposition process of all sulphate-iron rich components in the precursor. The remaining 
iron containing species give rise to Li3Fe2(PO4)3 where iron has an oxidation number of Fe
3+
. 
The XRD, IR and Raman characterisation of the products heated up to 500 °C suggest that 
this mechanism is operative in both inert and reducing atmosphere.  
3.5.2 Nature of the Polymorphic Transformation at 578 °C 
The fact that heating in argon results in the formation of mixed phase product can explain the 
unexpected endothermic effect at 578°C seen in Figures 3.3 and 3.5. To investigate the nature 
of this transition, a new sample was heated to 650 °C for 1 hour in Ar and then characterised 
by high resolution DSC (NETZSCH Phoenix 204 F1) and high temperature phase analysis by 
XRD.  
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Figure 3.13 Heating-cooling cycling experiments on sample prepared by isothermal heating at 
650 
o
C for 1h in argon. Two non-isothermal heating-cooling runs by high resolution 
DSC. 
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The DSC effects were investigated during thermal cycling in argon (heating and cooling with 
a heating/cooling rates of 10 °C/min) in the range of 400 – 625 – 400 – 625 – 400 °C. The 
heating-cooling DSC cycles are shown in Figure 3.13. The reversibility of the transformation 
during heating and cooling (at 578 ºC and 548 ºC respectively) and the almost equal energy 
exchange values during these processes (-184.3 mJ and +182.9 mJ for heating and cooling, 
respectively) provides a strong indication for enantiotropic solid-solid transformation during 
thermal cycling. However, the peak shapes differ significantly. During heating the 
endothermic peak is sharp and very well defined suggesting direct transformation of low-
temperature phase to high-temperature one. During cooling, the broad peak with an 
asymmetrical shape indicates that two consecutive exothermic effects lead to the 
transformation of the low-temperature phase. That is, the thermodynamically stable phase at 
low temperature forms via a metastable intermediate phase. In other words the peak at about 
578 ºC is due to a reversible polymorphic transformation.  
The respective high temperature XRD patterns were collected under vacuum at three fixed 
temperatures; 400
 
ºC, 625
 
ºC and again at 400 ºC (Figure 3.14). The reflections associated 
with the Li3Fe2(PO4)3 phase do not demonstrate significant changes in their peak positions 
during cycling.  
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Figure 3.14 High temperature XRD patterns acquired during step-wise isothermal heating at 
400, 650 and cooling to 400 ºC. 
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However, the peaks due to the iron oxide phase in the 35 to 36° two-theta range vary during 
cycling. At 400 ºC the XRD pattern shows a relatively broad peak at 35.65º in the uncluttered 
region between 35 to 36 degrees. This peak can be assigned to (1 1 0) reflection of α-Fe2O3 
[39]. At 625 ºC the intensity of the peak at 35.65º decreases, but a new stronger peak evolves 
at 35.28º. The latter can be assigned to -Fe2O3 phase which is known to give rise to two close 
reflections at that angle; (2 0 0) and (1 3 0) [52]. The XRD pattern collected from the sample 
subsequently cooled to 400 °C shows a new reflection at 35.41° and a weaker shoulder at 
about 35.61°. We assign the first reflection to the (3 1 1) of a mixed iron-oxide phase Fe3O4, 
whereas the shoulder is assigned to the (1 1 0) reflection of α-Fe2O3.  
According to Sakurai et al.[52], polymorphic transformations of Fe2O3 depend on the size of 
the particles and can be summarised as: 𝛾
>8 𝑛𝑚
→    𝜀
>30 𝑛𝑚
→     𝛽
>50 𝑛𝑚
→     𝛼 . This means that the 
metastable -Fe2O3 can be stabilized over the thermodynamically stable α-Fe2O3 provided the 
particle size is small enough. Usually this is achieved when the -Fe2O3 phase is formed in a 
matrix which limits the sizes of the -Fe2O3 particles. The confinement stabilisation 
mechanism of the metastable -Fe2O3 polymorph in various inorganic matrices (i.e. SiO2 and 
other types) has been extensively investigated [52-55].  
Therefore, the high temperature formation and stability of the otherwise metastable -Fe2O3 
can be qualitatively understood on the basis of the confinement mechanism imposed by the 
phosphate matrix. In addition, we believe that the unit cell volume difference between the α-
Fe2O3 phase (302Å
3
) and -Fe2O3 phase (423Å
3
) may explain the polymorphic transformation 
at 578 °C. During heating, the expansion of the phosphate matrix leads to significant pull 
stresses along the α-Fe2O3/phosphate interface. This makes the evolution of the -Fe2O3 phase 
energetically more favourable because it fills-in more effectively the pores in the expanding 
phosphate matrix thereby decreasing the stresses along the iron oxide/phosphate interface. 
This minimises the likelihood of crack evolution and formation of two surfaces. During 
cooling, the contracting phosphate matrix exerts pressure (stress) on the -Fe2O3 polymorph 
and thus renders it less energetically favourable. It is then converted to the denser α-Fe2O3 
polymorph according to the following sequence: 𝜀
550 𝑜𝐶
→    𝑥
<540 𝑜𝐶
→     𝛼   where x denotes a 
metastable intermediate phase.  
It is important to note that unlike the DSC measurements (fast cycling) the acquisition of high 
temperature XRD patterns required relatively long isothermal heating times (~3.5 h at each 
temperature or 10.5 h in total, i.e. slow cycling). Therefore kinetics plays a significant role 
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during the XRD measurements and may explain the formation of mixed iron-oxide (α-Fe2O3 
and Fe3O4) during the second isothermal heating at 400 ºC, whereas the relatively fast DSC 
cycling measurements suggests that the process is reversible (). Nevertheless, the 
cycling experiments suggest that the endothermic peak at 578 ºC is due to phase 
transformations in the iron oxide phase(s) in the mixed iron oxide-phosphate product. 
As the Fe percentage in the iron oxides and Li3Fe2(PO4)3 vary, it can be expect that the back 
scattered electron (BSE) image of the two substances should appear in different brightness. 
The particle sizes and distribution of the iron oxide particles imbedded in the Li3Fe2(PO4)3 
matrix can be clearly investigated by BSE imaging with SEM. This can be proposed as a 
further investigation as it is beyond the topic and the timeline of this thesis. 
3.5.3 Formation of Phase Pure LiFePO4 Product in a Reducing Atmosphere 
Above 500 ºC and in the presence of hydrogen, the chemistry of the iron-oxide/phosphate 
system is changed because Fe
3+
 is reduced to Fe
2+
 in both iron oxide rich domains and in a 
phosphate matrix. This shifts the system away from the previously established equilibrium. 
The gradual change of the chemical composition in the phosphate matrix gives rise to two 
moles of LiFePO4 per mole of Li3Fe2(PO4)3, iron deficient lithium phosphate and Fe
2+
 oxide. 
The reduction of Fe2O3 by hydrogen produces water and oxygen as by products. The overall 
reduction mechanism can be summarised as: 
Equation 3.2 𝑳𝒊𝟑𝑭𝒆𝟐(𝑷𝑶𝟒)𝟑 +
𝟏
𝟐
 𝑭𝒆𝟐𝑶𝟑
𝑻 𝒂𝒏𝒅 𝑯𝟐
→      𝟑𝑳𝒊𝑭𝒆𝑷𝑶𝟒 +𝑯𝟐𝑶 + 
𝟏
𝟐
𝑶𝟐  
This means that the formation of phase pure LiFePO4 product proceeds via different 
mechanisms. That is, the formation of two moles of LiFePO4 is related to localised structure 
reconstruction within the Li3Fe2(PO4)3 phase due to reduction of Fe
3+
 to Fe
2+
, whereas the 
third mole requires longer range diffusion of species (Figure 3.15).  
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Figure 3.15 Mechanism of formation of LiFePO4 from carbon-free precursor. During heating to 
500 °C formation of mixed phase product consisting of Li3Fe2(PO4)3 matrix and 
scattered Fe2O3 clusters. The atmosphere has little or no effect on the product. 
However, heating in Ar+H2 at and above 500 - 550 °C for 2h gives rise to pure 
LiFePO4 via two different mechanisms.  Mechanism 1 involves reduction of the iron 
and changes in local structure, whereas mechanism 2 involves reduction of iron 
followed by diffusion of Fe
2+
 species towards iron deficient lithium phosphate.  
Assuming that the reduction of Fe2O3 gives rise to the FeO phase, which is denser than both 
α-Fe2O3 and -Fe2O3 phase, the new phase would shrink. The evolving LiFePO4 phase is 
denser (~3.6 g/cm
3
) than the Li3Fe2(PO4)3 phase (~3.08 g/cm
3
), and hence the phosphate 
matrix would progressively shrink and possibly apply pressure on FeO domains while 
changing its phase composition. Due to the relatively small sizes of the iron oxide particles, 
they would decay and diffuse through the interface and interact chemically with iron deficient 
lithium phosphate giving rise to the third mole of LiFePO4 following the Ostwald’s ripening 
mechanism. This means that the formation of the third mole of LiFePO4 is driven by the 
concentration gradient across the iron oxide/phosphate interface and probably the stresses 
involved. The rate of the mass transfer process during the formation of the third mole of 
LiFePO4 is therefore the rate determining step, which determines the overall rate of formation 
of phase pure LiFePO4 product.  
The proposed mechanism suggests that from a practical point of view the process should 
involve two steps (1) heating in an inert atmosphere up to about 500 – 550 ºC i.e. near the 
polymorphic transformation of the Fe2O3 phase. During this step the precipitate ligands are 
decomposed giving rise to the two-phase system containing only Fe
3+
 species. (2) Then, 
during isothermal heating at 550 °C or above, some amount of H2 has to be introduced. 
However, the introduction of H2 should preferably be carried out for 2 hours at temperatures 
not higher than 550 ºC. Of course, higher temperature treatment in the presence of hydrogen 
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will give rise to LiFePO4 as seen from the experimental data presented in this chapter. 
However, it is not desirable to apply higher temperatures than needed as the highly crystalline 
nature of the material produced at higher temperatures is known to hinder the Li
+
 diffusion 
rate which may be less useful for cathode applications.  
3.6 Conclusions 
The principle aim of this chapter is the description of a new procedure for the synthesis and 
optimisation of carbon-free LiFePO4 material. The methodology is based on a single-step 
thermal decomposition of a precipitate formed from carbon-free precursors in carbon-free 
aqueous environment. In summary: 
 A novel single-step, co-precipitation method for the synthesis of phase-pure, carbon-
free LiFePO4 is proposed. The method consists of mixing stoichiometric amounts of 
LiOH·H2O, FeSO4·7H2O and NH4H2PO4 in carbon-free aqueous environment followed 
by co-precipitation of mixed-phase precursor and high temperature treatment. The 
mixing sequence has no effect on the nature of the final product. 
 The nature of the atmosphere below 500 ºC has little or no effect on the phase type and 
phase purity of the product.  
 Admission of 5% H2 v/v to an Ar atmosphere in the temperature range 500 – 550 ºC for 
up to 2 hours reduces the Fe
3+
 containing species to Fe
2+
 containing species and gives 
rise to phase pure LiFePO4. Once formed, LiFePO4 is stable to higher temperatures in 
an inert atmosphere. 
 The carbon-free LiFePO4 material synthesised according to the procedure described 
here can be used for comparison and evaluation of the effect of various carbon additives 
on the electrochemical performance of cathode materials.  
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Chapter 4 Effect of Carbon Additives on the Phase Evolution of 
LiFePO4 Product 
This chapter investigates the effect of two different carbon types (carbon nanotubes, CNT and 
carbon black, CB) mixed with the precursors on the LiFePO4 phase evolution under the same 
conditions described in chapter 3.  The effects are investigated with thermal analysis (DSC-
TGA-Gas IR), Raman spectroscopy and X-ray diffraction technique. These characterisation 
techniques are complemented with surface area measurements using the Brunauer–Emmett–
Teller (BET) method and morphological examinations using scanning electron microscopy 
(SEM). The characteristics of the LiFePO4/carbon composites are compared with those of 
carbon-free LiFePO4 product synthesised under similar conditions.  
4.1 Introduction 
As discussed in chapters 2 and 3, the major drawbacks of LiFePO4 as an electrode material lie 
in its intrinsically poor electric conductivity (about 10
-9
 - 10
-10
 S/cm) and low Li
+
 diffusion 
rate which is possible only along b-axis (about 10
-12
 - 10
-14
 cm
2
/s) [1-4]. For this reason, 
LiFePO4 can only deliver relatively high specific capacity at small current densities, which is 
difficult for meeting the practical demands of high rate and pulse-power applications [5, 6]. 
To sustain fast charge and discharge in the battery, it is essential to have fast transportation of 
electrons and lithium ions which can result from the reduction of the grain size and the 
improvement of electrical conductivity [7-9]. Therefore, recent studies of LiFePO4-derived 
cathode materials have been primarily oriented towards finding how to efficiently increase the 
electrical conductivity and facilitate the lithium-ion transfer. As discussed in chapter 2, a large 
number of strategies have been proposed, such as manipulating the particle size (down to the 
submicron level) [10-12], optimizing the morphology [13-17], coating the particle surface 
with conductive agents [18-20], forming LiFePO4/carbon composites [21],doping the host 
framework with alien ions on the Li-ion site (M1-site) and/or the Fe-ion site (M2-site) [22-24] 
or the use of various synthesis methods [25-29].  
Currently, whatever strategy is taken, making a LiFePO4/carbon composite is regarded as the 
most practical way to enhance the specific capacity, rate capability and the cycling stability of 
LiFePO4 [30-34]. The carbon particles play the role of forming a conductive network in the 
cathode coating to improve the electron transport. Usually a significant percentage of total 
carbon content (5 - 20 wt.%) is required to achieve maximum conductivity especially with 
submicron LiFePO4
 
particles [35]. The electrons can be spread to the entire surface of the 
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particles through this carbon network during charge/discharge and therefore the kinetics and 
reversibility of the lithium intercalation/de-intercalation cycles are improved. However, 
carbon has an adverse effect on the tap density [36]. A large amount of carbon will decrease 
the volumetric energy density of LiFePO4/carbon composites more severely than the 
gravimetric energy density. Therefore, it is important to find the optimum carbon content 
needed to attain the greatest utilisation of the active material and energy density of the 
electrode.  
It is difficult to define the optimum carbon content without discussing the carbon structure, 
the carbon distribution and morphology [37]. Disordered carbons such as carbon black (CB) 
are less conductive than graphite, and their conductivity depends on the size and number of 
graphene domains. The extent of graphitised carbon and its ratio to the disordered carbon is 
usually characterized by the ID/IG ratio in the Raman spectra [38-40]. A lower ID/IG ratio is an 
indication of a higher amount of graphitized carbon and vice versa. Ideally highly graphitized 
carbon is required due to its better conductivity than the disordered carbons such as carbon 
black that are used in the commercial batteries [41].  
Because of their elongated morphology and exceptionally high conductivity, introduction of 
carbon nanotubes or in situ growth of graphite materials on LiFePO4 may be an effective 
method to enhance the electronic conductivity. Compared to the LiFePO4 cells with carbon 
black is added, those with multiwall carbon nanotube added (MWCNT with diameters 15 – 
50 nm and lengths of tents of micrometres) show better electrochemical performance with a 
capacity retention ratio of 99.2% after 50 cycles at 1/3 C rate [42, 43]. This is because the 
MWCNTs functioned as links to connecting the LiFePO4 particles and therefore enabled 
active materials to transport lithium ions and electrons at faster rates, resulting in a reduction 
of charge transfer resistance, and a significant improvement in Li diffusion [43, 44]. 
Compared with MWCNTs additives, the single wall CNTs (SWCNTs with diameters of 1 – 3 
nm and lengths of tens of micrometres) offer a further increase in conductivity and also much 
higher specific surface area. They are however, expensive and difficult to disperse in the 
LiFePO4 phase [42], so it is important to find out the optimum (lowest) content of SWCNTs 
which maximises the utilization of active material. The challenge is to disperse the SWCNTs 
homogeneously with the LiFePO4 phase. If the SWCNTs are not well distributed on the 
LiFePO4 particle surfaces, as in most cases, it is even harder to define the optimum amount of 
carbon content. 
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Effective dispersion of carbon additives with active LiFePO4 is another challenge. It is well 
known that an inherent difficulty in the conventional solid-state process for synthesis of 
LiFePO4 is achieving a homogeneous mixture of the precursors. In comparison with 
conventional solid state reaction methods, solution-based methods offer the advantages of 
homogeneous mixture of precursors at the molecular level which ensures higher LiFePO4 
phase purity and low reaction temperatures for the better control of the particle size and 
morphology such as the small size and porous structure achieved via precipitation or sol-gel 
approaches. The solution based methods allow the precursors at the molecular level in 
solution to be homogeneously mixed. 
Because the synthesis method and precursors used vary in different reports in the literature, it 
is meaningless to compare these optimum carbon content values directly. In particular, the 
reported solid state or wet synthetic methods always introduce carbon in the structure of the 
LiFePO4 phase that originates from the precursors and/or from solvent. So in order to 
investigate the effect of SWCNTs on the electrochemical performance of LiFePO4 cathode 
material, a new carbon free synthetic method for LiFePO4 was developed and described in 
detail in chapter 3. In this chapter, the single-step, co-precipitation method described in 
chapter 3 is used to investigate the effect of SWCNTs mixed with the precursor solutions on 
the formation of the LiFePO4 phase. Three different SWCNT loadings were employed: (i) 
5wt. %, (ii) 10 wt. % and (iii) 20 wt. %. For comparison, carbon black, CB, which has a 
different morphology and lower conductivity due to its less ordered structure, is also used to 
synthesise LiFePO4/carbon black composites with similar loadings to that of SWCNTs. 
4.2 Preparation and Characterisation of LiFePO4/Carbon Co-precipitates 
The LiFePO4 precursor mixtures containing SWCNTs and CB were prepared using the co-
precipitation apparatus described in Chapter 3, Figure 3.1. Initial comparative investigations 
showed no structural difference in the final phosphate product when the carbons were pre-
mixed with either Li-containing, P-containing or Fe-containing solutions. Thus, as described 
in chapter 3, the mixing sequence, LP1 was adopted (Table 3.1). The only difference to the 
carbon-free precipitates was the addition of the respective carbons. For all precipitates the 
carbons were pre-mixed with FeSO4·7H2O containing solution in the rotary evaporator. The 
other two solutions were then added according to the mixing sequence LP1. The flask with 
the respective suspension was next evacuated and kept under reduced pressure while it was 
sonicated for 5 minutes to facilitate the dispersion of the carbons. Immediately after 
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sonication, the flask was connected to a rotary evaporator and the flask was immersed in a 
water bath preheated to 40°C, where the mixture was stirred for 20 min at 180 rpm. The 
suspension was concentrated and almost completely dried by evaporation under reduced 
pressure during continuous stirring at 180 rpm in the water bath for 12 hrs. As described in 
chapter 3, to minimise the likelihood of oxidation of Fe
2+
 species, the dried precipitate was 
recovered from the flask and was kept in a desiccator at ambient temperature under reduced 
pressure for further analyses. Six precipitates were prepared following the above procedure; 
three containing, 5, 10 and 20 wt.% SWCNTs and three containing 5, 10 and 20 wt.% CB, 
respectively. The carbon percentage was calculated based on the theoretical LiFePO4 yield.  
After drying, the carbon-containing precipitates were all characterised by X-ray diffraction 
analysis under the same conditions employed to study the respective carbon free precursors. 
The comparison of the XRD patterns shown in Figure 4.1 A and B show no detectable 
differences between samples containing SWCNTs and CB. Like the carbon free precursors 
the XRD patterns for the carbon-containing samples demonstrated the same multiphase 
precipitate consisting of; LiNH4SO4, Fe3(PO4)2·8H2O and possibly (NH4)2Fe(SO4)2·6H2O  
phases. Therefore, it can be confirmed that the addition of carbon has no measurable effect on 
the crystalline phases formed during mixing and drying. 
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Figure 4.1 The XRD patterns of the mixed LiFePO4 / carbon precursors with different carbon 
contents produced after drying at 40 
o
C under vacuum. (A) SWCNT containing mixture, (B) CB 
containing mixture. 
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4.3 Decomposition of the Carbon Containing Precipitates in Inert Atmosphere 
The decomposition behaviour in argon of the carbon containing precipitates and the evolution 
of (1) solid and (2) gaseous products during heating was investigated using simultaneous 
(TGA-DSC) analyser from NETZSCH, Jupiter STA 449C coupled with a Gas IR cell. The 
same set-up and conditions described in chapter 3 Section 3.3 were used. Decomposition, 
measurements in reducing atmosphere (Ar/H2) were not carried out due to instrument 
limitations. 
4.3.1 Decomposition Profiles in Argon 
Figure 4.2 compares the heat flow profiles (DSC traces) taken during the decomposition of 
the precursors in argon and the formation of the phosphate product in the presence of 
SWCNTs (A) and CB (B). The heat flow profile for carbon-free precursor is also included for 
comparison. Below ~ 500 
o
C all samples demonstrate virtually the same multiple endothermic 
effects due to decomposition of the anionic ligands of the co-precipitate. This suggests neither 
the nature of the carbon nor its quantity modulates the ligands decomposition pathways up to 
about 500 
o
C. Above that temperature there are two differences. Samples prepared with CB or 
SWCNT demonstrate a relatively weak endothermic effect at about 510 
o
C (shoulder) which 
is not observed in the carbon-free sample. At about 615 
o
C precipitate containing 5 wt.% CB 
and 5 and 10 wt. % SWCNTs demonstrate a second endothermic effects which is present as a 
shoulder.  
The mass-loss traces for precipitates containing SWCNT and CB are shown in Figure 4.3 A 
and B, respectively. Up to 500 
o
C all mass-loss curves track each other very well suggesting a 
decomposition behaviour which is not affected by the presence of carbon. The small vertical 
shifts can be explained by slightly different moisture content in the starting precipitates. 
Unexpectedly, above ~ 500 
o
C all samples containing carbon show major mass losses which 
are not seen for carbon-free precipitate. Above 600 
o
C the mass loss curves for carbon-
containing samples start to level off, whereas ththe carbon-free sample accelerates its mass 
loss. This suggest that the carbons interact with species in the phosphate material, which 
otherwise would be stable enough in the phosphate particles up to at least 800 
o
C.  
 
 
 
 
 
~ 91 ~ 
 
200 400 600 800
-1.0
-0.5
0.0 10 %
20 %
5 %
Temperature (C) 
~615 
o
C
m
W
/m
g
~510 
o
C
Carbon free
SWCNT
A
200 400 600 800
-1.0
-0.5
0.0
~510 
o
C ~ 615 
o
C
m
W
/m
g
Temperature (C) 
Carbon free
5 %
20 %
10 %
B
CB
 
Figure 4.2 DSC traces of carbon containing precipitates heated up to 800 
o
C at a heating rate of 
10 deg/min in argon. (A) SWCNT containing mixture, (B) CB containing mixture. 
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Figure 4.3 Mass-loss traces of carbon containing precipitates heated up to 800°C at a 
heating rate of 10° /min in argon. (A) SWCNT containing mixture, (B) CB 
containing mixture 
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Table 4.1 Residual masses at 800 
o
C for carbon-free and carbon containing samples. 
Composite Carbon free SWCNT (wt.%) CB (wt.%) 
Percentage n/a 5 10 20 5 10 20 
Residual mass (%) 59.8 52.6 51.9 51.0 54.3 51.3 51.0 
 
From the residual masses of all samples at 800°C listed in Table 4.1 it can be seen that the 
final masses are almost the same for all carbon containing samples regardless the starting 
carbon content. This was rather surprising given the exceptional thermal and chemical 
stability of SWCNTs under inert conditions and therefore warranted more detailed 
investigations. 
4.3.2 Evolution of Gaseous Decomposition Products 
Evolved gases during the decomposition of the precursors containing SWCNTs and CB in the 
DSC-TGA facility to 800 °C in argon were characterised by simultaneous gas IR 
spectroscopy. Figure 4.4 compares the typical spectral signatures of gases evolved in the 
range 300 – 500 °C and 500 – 800 °C from samples containing 5 wt.% SWCNTs (A) and 5 
wt.% CB (B). Up to 500 °C the main spectral features of the evolving gases are the same as 
those evolving from the carbon free precursor; mainly due to decomposition of ammonium 
and sulphate containing ligands. The nature of these species has been discussed in Chapter 3 
Section 3.3.2. However, the molecular structure of the evolving gaseous mixtures differs 
above 500 °C. Like the carbon-free precipitate, the main gaseous species are sulphur 
containing but these are accompanied by strong vibrations around 2360 cm
-1
 which are 
characteristic of CO2. This was unexpected, because SWCNTs are exceptionally stable during 
heating in inert atmosphere.  
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Figure 4.4 Gas-IR analysis of volatile, IR active species. Two representative IR spectra of the 
species evolved in the temperature ranges 300 – 500 oC and 600 – 850 oC, 
respectively. (A) Sample containing 5 wt. % SWCNT, (B) Sample containing 5 wt.% 
CB. 
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The decomposition profiles of the precursors containing carbons were obtained by measuring 
the intensity variations with the temperature of the vibrations at 1376 cm
-1
, 966 cm
-1
 and 2360 
cm
-1
 due to the presence of SO2, NH3 and CO2 gaseous products, respectively. Figures 4.5 A 
and 4.6 A display the evolution of NH3 containing gaseous products with temperature from 
samples containing carbons. The respective gas evolution profile of the carbon free sample 
(Chapter 3, Figure 3.4 B) shows no differences compared to carbon-containing sample. 
Therefore, the added carbons do not interact with the NH4
+
 containing ligands in the 
precipitate during heating and do not cause oxidation of neither CB nor the SWCNTs in the 
mixture. 
 
 
Figure 4.5 Gas evolution profile of sample containing 5 wt.% SWCNT. (A) nitrogen containing 
species, (B) sulphur containing species and (C) carbon containing species. 
The evolution profiles of the SO2 species, however, are modulated by the presence of carbon 
in particular at temperatures above 500 
o
C (Figures 4.5 B and 4.6 B). Unlike the carbon-free 
material which shows three maxima at 410, 490 and above 700 
o
C, the carbon containing 
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phosphates evolve SO2 at a maximum rate at about 590 – 640 
o
C (SWCNT) or 546 
o
C (CB). 
Above ~ 650 
o
C the evolution of these species rapidly declines. 
 
Figure 4.6 Gas evolution profile of sample containing 5 wt. % CB. (A) nitrogen containing 
species, (B) sulphur containing species and (C) carbon containing species. 
Figures, 4.5 C and 4.6 C compare the evolution profiles of CO2 species.  It was found that the 
highest rates of evolution of these species almost coincide with those evolved during the last 
stage of SO2 evolution. The gas IR data therefore reveals an interaction between the pre-
mixed carbons and the sulphate residues present in the phosphate product. The comparison 
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with the SO2 evolution profile of the carbon-free material (chapter 3, Figure 3.4 C) also 
suggests that shifts in the decomposition of the sulphur containing residues from above 700°C 
to below 550 – 640°C. Therefore, the unexpected mass-losses seen in Figure 4.3 and 
summarised in Table 4.1 are due to simultaneous loss of carbon and sulphur containing 
species which commences at about 500°C. The evolving gas profiles from samples containing 
10 and 20 wt. % SWCNTs and CB were also acquired under the same conditions but showed 
no measurable differences compared to those containing 5 wt. % SWCNTs or CB. They are 
included in the Appendix (Figure A1 – A6). The fact that all carbon containing samples show 
very similar residual masses at 800°C and that the SO2 and CO2 gas evolution profiles decline 
rapidly above 700°C suggest that 5 wt.% carbon or less is sufficient to interact with the 
sulphur containing residues to completion in the evolving phosphate matrix.  
In summary, the simultaneous DSC-TGA-Gas IR characterisation of carbon-containing 
precursors during non-isothermal heating in argon reveals unexpected interactions between 
the pre-mixed carbons and decomposing sulphate-containing ligands. These interactions 
change the final carbon content in the LiFePO4 composites. Most affected are those 
containing 5 wt. % carbons. This study also suggests that care has to be taken when metal 
salts are selected for synthesis of solid materials, because ancillary anionic ligands may cause 
unexpected side reactions with the desirable components of the composite materials. 
4.4 Synthesis and Characterisation of LiFePO4/carbon Composites  
4.4.1 Synthesis 
To produce larger quantities of LiFePO4/carbon composites for further characterisations and 
electrochemical tests two sets of samples were produced by isothermal heating at 550, 650 
and 750 ºC in a quartz-glass tube furnace for 2 hours under reducing atmosphere (Ar/H2, 95/5 
v/v %) using the apparatus and procedures already described in chapter 3, section 3.4 and 
chapter 4 section 4.2. The samples contained 5, 10 and 20 wt. of either % SWCNTs or CB.  
4.4.2 LiFePO4 Phase Evolution 
The changes in the crystalline phases during heating were investigated by a Bruker D8 
Advance X-ray diffractometer in the two-theta range of 15 to 60 degrees with 0.02 degrees 
per step and a step time of 5 sec/step using Cu K radiation (40 mA at 40 kV). 
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Figure 4.7 XRD pattern of the LiFePO4 samples synthesized from precursors with carbons at 
three different temperatures (550, 650 and 750 
o
C). A, B and C 20 samples with 
SWCNTs at 5, 10 and 20 wt.%, respectively. D, E and F show samples with CB at 5, 
10 and 20 wt.%, respectively. Other phases, Fe2P2O7, Li3PO4 and Fe2P are probably 
present. 
Figure 4.7 (A – C) compare the XRD patterns of the LiFePO4 composite samples containing 
SWCNTs whereas Figures 4.7 (D – E) compares the respective XRD patterns containing CB 
Both show phosphates synthesised at 550, 650 and 750 ºC. The XRD patterns of samples 
from each temperature are very similar and the reflection intensities are not perturbed by 
different carbon loadings. 
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Apart from the main LiFePO4 phase there are traces of other phases; Fe2P2O7 (01-072-1516), 
and Li3PO4 (01-074-0358) are identified in the samples synthesised at 550 ºC and 650 ºC. At 
750 
o
C the Li3PO4 and Fe2P2O7 phases are not detectable but traces of Fe2P (01-088-1803) 
can be identified above the background noise. Interestingly, those phases were not observed 
in the carbon-free LiFePO4 samples discussed in chapter 3. Their formation can be explained 
by stronger reducing conditions due to a combined reduction effect of carbon and H2 which at 
750 
o
C leads to formation of the Fe2P phase [45, 46].  
As discussed in chapter 2, iron phosphides such as Fe2P and FeP have metallic-like 
conductivity and may therefore play a more important role in improvement of the bulk 
conductivity of LiFePO4. This was first reported by Nazar’s group [47].  They also reported 
that carbon can be considered as the reductive additive under high temperature with argon gas, 
and the presence of this reducing circumstance may promote the formation of these highly 
conductive iron phosphides. Under milder reducing conditions, FeP is formed on the surface 
along with Li3PO4. However, under more aggressive reducing conditions, FeP is still present, 
but thermodynamics favour the formation of Fe2P. The transformation from FeP to Fe2P can 
be achieved by the vaporization of phosphorus above 600 °C. While the formation of FeP was 
not detected in the XRD patterns at present, the evolution of Li3PO4 suggests that FeP may 
occur but below the detection limit of the X-ray diffractometer.  
In summary, carbon-free LiFePO4 can be synthesized with the modified procedure but is not 
pure due to the presence of SWCNT and CB. Small amounts of carbon from the carbon 
additives can be consumed reacting with the compounds in LiFePO4 precursors during the 
heat treatment under Ar/H2 atmosphere which forms Fe2P2O7 and Fe2P. The composites 
containing SWCNT or CB are not distinguishable by XRD analysis and different loadings of 
these carbons have no measurable effect in the XRD patterns. 
4.4.3 Raman Spectroscopy 
Raman spectra of the powders received were recorded using a Bruker Senterra III Raman 
spectrometer and a 532 nm excitation laser kept to 0.2 mW. The very low power level is 
required to minimise the likelihood of Fe
2+
 oxidation under the laser beam. During 
measurements, the laser was focused through an objective lens with 50 x magnification, and 
an aperture of 50 x 1000 m. 
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Figure 4.8 Comparison of LiFePO4 /Carbon composite Raman spectra at 550, 650 and 750 
o
C 
and three carbon loadings 5, 10 and 20 wt. %, respectively.  (A – C) 
LiFePO4/SWCNT composites, (D – F) LiFePO4/CB composites. 
Figure 4.8 (A – C) present the Raman spectra of LiFePO4 contains SWCNT and (D – F) show   
The three strongest vibrations in the Raman spectra of LiFePO4/Carbon composites are 
detected at 946 – 948 cm-1 due to symmetrical stretching modes in PO4
3-
 tetrahedra and 
vibrations associated with the added carbons. The symmetric phosphate vibrations are not 
perturbed by the presence of carbon, which suggests there are not strong interactions between 
the phosphate matrix and the carbon additive.  There are graphitic peak (G-peak) and defect 
peak (D-peak) from the CNT additive.  
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In highly crystalline graphitic structures the graphitic peak (G–peak) is strong and narrow 
whereas the defect peak (D-peak) is very weak [48, 49]. Depending on the degree of order the 
spectral position of the G peak varies. The G band of graphite is characteristic of all sp
2
 sites, 
including alkene type C=C sites and not just those in the hexagonal aromatic rings [38, 50]. It 
always lies in the range 1500–1630 cm-1, as it does in spectra of other solids containing 
aromatic and alkene groups. Nevertheless differences can be delineated. The unconjugated 
alkene type C=C bonds are shorter than aromatic bonds, so they have higher vibration 
frequencies. Thus, during gradual transformation from sp
2
 bonded conjugated hexagonal rings 
to sp
2
 bonded chains, a shift in the G band to higher wave numbers are expected [51, 52].  
Table 4.2 Raman spectral positions of G-band, D-band and vibrations due to the PO4 
tetrahedron. 
Carbon 
type 
T 
(
o
C) 
(%) 
C 
PO4
3-
band 
(cm
-1
) 
G-
band 
(cm
-1
) 
IG 
intensity 
(a.u) 
D-band  
(cm
-1
) 
ID intensity 
(a.u.) 
ID/IG 
 
 
 
 
 
SWCNT 
550 5 948 1586 0.98 1347 0.13 0.13 
10 948 1586 0.22 1348 0.04 0.18 
20 948 1589 0.69 1344 0.15 0.22 
650 5 948 1586 0.87 1344 0.16 0.18 
10 948 1586 0.48 1344 0.07 0.15 
20 948 1583 1.01 1344 0.11 0.11 
750 5 948 1585 0.26 1350 0.06 0.23 
10 948 1585 0.28 1345 0.05 0.18 
20 948 1585 0.50 1345 0.07 0.14 
 
 
 
 
CB 
550 5 948 1602 0.14 1350 0.13 0.93 
10 948 1598 0.12 1350 0.09 0.75 
20 948 1600 0.46 1350 0.29 0.63 
650 5 946 1599 0.06 1348 0.05 0.83 
10 947 1594 0.16 1344 0.18 1.13 
20 947 1597 0.08 1356 0.07 0.88 
750 5 947 1600 0.07 1343 0.06 0.86 
10 947 1600 0.08 1343 0.07 0.88 
20 948 1600 0.33 1343 0.35 1.06 
On the other hand, the D band intensity is proportional to the carbons only in the aromatic 
rings in clusters with small sizes, whereas the D band broadening is proportional to the 
distribution of clusters containing hexagonal aromatic rings with varying dimensions. That is, 
if there is any change in total disorder where there would be no change in the intensity of the 
D, but if the distribution of disordered regions changes, this would still be reflected in D line 
broadening [49, 50]. The intensity ratio (ID/IG) between the G-band and D-band can be used to 
estimate the degree of order and therefore the extent of conjugation in graphitic carbons [50]. 
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Table 4.3 Surface areas. 
Material T 
(°C) 
(%) Surface 
area 
(m
2
/g) 
CB N/A 100 67 
SWCNT N/A 100 433 
Carbon free 
LiFePO4 
 
550 0 5.6 
650 0 2.1 
750 0 0.9 
LiFePO4 
/SWCNT 
composite 
550 5 18.5 
10 15.1 
20 14.5 
650 5 38.5 
10 34.9 
20 34.1 
750 5 61.2 
10 61.6 
20 68.5 
LiFePO4 /CB 
composite 
 
 
550 5 7.2 
10 4.5 
20 3.1 
650 5 8.5 
10 9.8 
20 9.1 
750 5 16.7 
10 14.9 
20 20.2 
 
The main effects on Raman spectral features of the LiFePO4/carbon composites are 
summarised in Table 4.2. 
The fact that the G-band of CB composites occurs at higher Raman shifts (~ 1600 cm
-1
) than 
the SWCNT composites  (~1586 cm
-1
) suggests that the former contains many unconjugated 
C=C bonds in its structure, which at molecular level may act as isolators due to the 
discontinuities in the delocalised  orbital structure [51].  Also, the ID/IG ratio calculated for 
both SWCNTs and CB containing composites shows that the SWCNTs possess far fewer 
defects than the respective composites containing CB. This means that SWCNTs should act as 
much better conductors than CB not only because they can connect distant particles but also 
due to their superior conductivity that comes from the relative lack of defects in their 
structure. The synthesis temperature does not have measurable effect on the carbon structure 
nor on the main phosphate band (Table 4.2).  
4.4.4 Surface Area 
The surface area of the carbon-free and carbon-
containing composites compounds and all 
samples were measured on a Micrometrics ASAP 
2020. Samples were first degassed under vacuum 
at 350°C until a stable vacuum was reached and 
then backfilled with helium ready for analysis. 
Adsorption/desorption isotherms were then 
carried out under nitrogen gas at 77K. Brunauer-
Emmett-Teller (BET) surface analysis models 
were used to calculate sample surface areas. 
Table 4.3 compares the surface areas of pristine 
SWCNTs, CB and carbon-free LiFePO4 samples 
with those of the LiFePO4/C composites. The 
carbon-free samples demonstrate relatively low 
surface areas which decrease with temperature 
from 5.6m
2
/g to < 1 m
2
/g. This means that the 
carbon-free material is rather dense with few 
pores when the material is synthesised at 750 °C. 
Not surprisingly, the surface area of pristine 
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SWCNT bundles (433m
2
/g) is much higher than the carbon black particles (67m
2
/g) or any 
other composite sample. The surface area of the LiFePO4/C composites is additive 
combination of the surface areas of the phosphate phase and the carbon phase. Generally 
samples containing larger carbon loadings demonstrate higher surface areas especially when 
SWCNTs are used.  
Surprisingly, the surface area of the composites prepared at higher temperatures 650°C and in 
particular at 750°C is much higher (3 – 4 times) than at 550°C. Since the surface area of the 
LiFePO4 decreases with the temperature it is likely that the evolving gases (SO2 and CO2) 
from the reaction between the decomposing sulphur containing species and the carbon 
additives help to de-bundle the SWCNTs and increase the porosity in the CB particles. 
Interestingly, the Raman ID/IG ratio for SWCNTs is lower at 650 and 750°C than at 550°C. 
This could be explained if some tubes are completely oxidised to CO2 (self-sacrifice) whereas 
the remaining ones improve their crystallinity. This is not the case for CB, which 
demonstrates random ID/IG ratios with the temperature. 
4.4.5 Morphology 
Secondary electron (SE) images were collected using a JOEL 7001F scanning electron 
microscope (SEM) operating with an accelerating voltage of 15.0 kV. For convenience, the 
images were collected at 10,000X and 20,000X magnification. Due to the low conductivities 
of the samples, all samples are carbon coated before the electron microscopic analysis. When 
considered necessary, the complete image collection is included in the respective Appendix 
section. Here only selected images are shown. 
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Figure 4.9 Secondary electron (SE) images of carbon free LiFePO4 synthesised at (A) 550°C 2h 
and (B) 750 
o
C 2h.  
The morphology of carbon free LiFePO4 synthesized at a temperature of 550 and 750ºC 
typically with magnification of 10,000 are shown in Figure 4.9. For clarity, the SE images of 
the samples synthesised at 650°C is shown in the Appendix A7 – A9. The LiFePO4 
synthesised at 550°C consists of fused particles with sizes up to several micrometres, 
numerous pores and jagged edges. The particles in the samples appear to be irregular shape 
and partially joining together and form continuous clusters without distinctive edges. As 
expected, at 750°C the pores are fewer and the particles are much larger and the edges are 
rounded. This is in accordance with surface area measurements which demonstrate decrease 
in the porosity with the temperature. 
The LiFePO4/SWCNTs composites are shown in Figure 4.10. Similar to the carbon free 
samples the LiFePO4 phase is porous at 550°C and the porosity decreases with the 
temperature. One end of the SWCNTs bundles appear to be partially embedded into some of 
the particles whereas the other end is dangling. Other particles are connected by the opposite 
two ends of the SWCNTs bundle indicating a good integration between the LiFePO4 particles 
and the conductive carbons. The extent of integration is not related to the synthetic conditions. 
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Figure 4.10 Secondary electron (SE) images of LiFePO4 /SWCNT composites synthesised at (A) 
550 
o
C with 5 wt.% carbon, (B) 550 
o
C with 20 wt.% carbon,  (C) 650 
o
C with 5 
wt.% carbon, (D) 650 
o
C with 20 wt.% carbon, (E) 750 
o
C with 5 wt.% carbon and 
(F) 750 
o
C with 20 wt.% carbon. 
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Figure 4.11 Secondary electron (SE) images of LiFePO4 /CB composites synthesised at (A) 550 
o
C with 5 wt.% carbon, (B) 550 
o
C with 20 wt.% carbon,  (C) 650 
o
C with 5 wt.% 
carbon, (D) 650 
o
C with 20 wt.% carbon, (E) 750 
o
C with 5 wt.% carbon and (F) 750 
o
C with 20 wt.% carbon. 
For the LiFePO4/CB composites the phosphate phase seems to follow the same trend 
observed for the carbon free samples and for the LiFePO4/SWCNTs composites; the increase 
of the temperature leads to agglomeration of the LiFePO4 particles (Figure 4.11). However, 
from the SEM images it seems that most of the carbons particles are not embedded in the 
LiFePO4 particles. Rather, they cover the phosphate material with sphere-like particles having  
diameters less than 75 – 100 nm which form aggregates (Figure 4.11 A and B). While the CB 
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appears uniformly dispersed between the particles it does not cover the particles completely. 
This is even more so for samples containing 5 wt. % CB only. Uniform and full carbon 
coatings throughout the LiFePO4 powder are an ideal structure, which ensures LiFePO4 
particles transfer electrons through all directions and alleviate the polarization phenomenon.  
Because of their small size and sphere-like morphology, multiple CB particles have to touch 
each other in order to create a sufficient path ways for the electrons to travel between particles, 
let alone distant particles. Clearly, from this aspect they are less efficient than the SWCNTs. 
At 650°C and in particular at 750°C the morphology of these carbons changes; they are much 
smaller (<50 nm) and with irregular shapes. Some appear fused together, whereas others seem 
fractured which may explain the simultaneous increase of the surface areas and ID/IG ratios. In 
other words, the CB particles simultaneously increase their surface area and number of 
defects in contact with the evolving phosphate phase. As mentioned in the previous section, 
the reaction between the evolving sulphur containing species and the CB above 550°C is 
likely to be responsible for the observed structural and morphological changes in the CB 
particles. 
The SEM images show smaller and porous LiFePO4 particles in all samples with SWCNT and 
CB. This is different to the size and morphology observed in the SEM images of the carbon 
free LiFePO4 samples. Therefore, it is possible that the presence of SWCNT and CB restricted 
the growth of LiFePO4 giving rise to smaller particles. Another possibility is that the 
formations of SO2 and CO2 gases act to prevent sintering between adjacent crystallites giving 
rise to porous and smaller particles. Those two factors can contribute to the higher surface 
areas of the LiFePO4 carbon composite when compared to the carbon free LiFePO4. Since the 
surface of the material have both LiFePO4 and carbon compounds, it is likely that these two 
types of the substances will contribute differently to the overall surface area of the particles. 
In summary, the morphological examination and comparison of LiFePO4/C composites 
suggest that the composites containing SWCNTs networks may facilitate electron transport 
more effectively than composites containing CB carbons. At 550°C the presence of abundant 
voids between the LiFePO4 particles may be beneficial for Li
+
 diffusion.  
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4.5 Conclusions 
A series of LiFePO4/SWCNT and LiFePO4/CB composites with different carbon loadings (5, 
10 and 20 wt. %) were synthesized using the novel single-step co-precipitation procedure 
described in chapter 3.  
During the non-isothermal heating of the precipitate in an inert atmosphere the evolving 
sulphate species reacted with the added carbon leading to the evolution of CO2 at 
temperatures above 500 °C. This observation was unexpected and leads to carbon depletion in 
the LiFePO4 product and simultaneous increase of the surface area of the LiFePO4/carbon 
composites. 
During isothermal heating of the precipitate in reducing atmosphere (Ar/H2 95/5) at 550, 650 
and 750 °C for 2h the LiFePO4 product is contaminated by trace amounts of other phosphorus 
containing phases such as; Fe2P2O7, Li3PO4 and Fe2P. The former two phases are detected in 
samples produced at 550 and 650 °C whereas the latter phase is observed only when the 
samples are synthesised at 750 °C. The formation of these contamination phases is explained 
by the synergistic reduction effect of carbon and H2. The formation of Fe2P phase with 
metallic-like conductivity may be beneficial for the electrochemical performance of the 
LiFePO4/carbon composites. 
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Chapter 5 Electrochemical Characterisation of LiFePO4-
Carbon Composites 
The main objective of this Chapter is to examine the influence of two different carbon sources 
with different morphologies on the electrochemical performance of the LiFePO4 cathode; 
one-dimensional carbon nanotubes (CNTs) and carbon black (CB) which resembles two-
dimensional graphite containing various defects. The effects of synthesis temperature, nature 
of carbon and content as well as the mixing method on the electrochemical behaviour are also 
investigated. The electrochemical characteristics of the composite material are probed using 
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Based on the 
data obtained and the structural characterisation of the LiFePO4-composites containing carbon, 
a model describing the ionic and electronic transport at the LiFePO4/carbon interface is 
proposed. This model may then be used optimise the synthesis of these composites. 
5.1 Introduction 
There are two barriers to the use of LiFePO4 cathodes in high power batteries; (1) its 
relatively low Li-ion diffusion coefficient and (2) it is poor electronic conductivity. 
Atomistic modelling and first-principle calculations indicate that the lowest Li migration 
energy is found for the pathway along the [010] channel, with a nonlinear, curved trajectory 
between adjacent Li sites (Figure 2.6 in Chapter 2). Although the theoretical calculation 
showed that the intrinsic ionic diffusion coefficient is as high as 10
-8 
(LiFePO4) to 10
-7
 (FePO4) 
cm
2
/s, the one dimensional (1D) channels are easily blocked by defects and impurities. 
Blockages in 1D path are different from those in two-dimensional and three-dimensional 
paths where Li ions can move around the blocked sites [1, 2]. The ionic diffusion coefficient 
in LiFePO4 is therefore lower than the theoretical value. For example, Takeda et al. reported a 
wide range of diffusion coefficients which varied depending on the analysis technique used; 
10
-14
 to 10
-12
cm
2
/s using the potentiostatic intermittent titration technique  (PITT); 10
-15
 to 10
-
12 
cm
2
/s using electrochemical impedance spectroscopy (EIS); and 10
-14
 cm
2
/s using cyclic 
voltammetry (CV) [3]. It should be mentioned that it is very difficult to accurately measure 
the diffusion coefficient of Li-ion in LiFePO4 by these methods due to a very flat charge–
discharge potential induced by the phase transformation between LiFePO4 and FePO4 [4].  
 
The other key challenge of using LiFePO4 as a cathode material is its inherent poor electronic 
conductivity (~10
-9
 S/cm) [5-8]. This obstacle has been the subject of extensive studies, and 
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has been overcome by lowering the charge transfer resistance using various material-
processing approaches, such as the modification of particles by coating and/or doping, as 
discussed in Chapter 2 section 2.7.6. In brief, material processes include fabrication of 
nanometer-scale particles of LiFePO4 active material embedded in a porous matrix of residual 
carbon (formed during the fabrication process itself) to form larger-particle aggregates [9-13]. 
Sastry et al. [14, 15]  have shown theoretically that the shape of the conductive material has a 
substantial effect on the conductivity of the network formed. In particular, an increase in the 
aspect ratio of the filler improves the conductivity of the network for a given volume fraction 
of additive. This suggests that a conductor such as one dimensional SWCNT’s may offer 
benefits over the standard carbon black (CB) additive; improving the cycling, power 
performance and electronic conductivity of the LiFePO4 electrode while maintaining a 
relatively low carbon fraction.  
The aim of this Chapter is to investigate and compare;  
1. The effect the addition of SWCNT’s and CB has on the electrochemical performance 
of LiFePO4/carbon composites when either mixed with the precursors pre-synthesis or 
added post-synthesis at three different levels (5, 10 and 20 wt.%),  
2. The effect synthesis temperature (550, 650 and 750°C) has on the cathodes 
electrochemical performance. 
Three complementary techniques are used; direct measurement of the instantaneous current-
voltage characteristics (CV), charge-discharge measurements and electrochemical impedance 
spectroscopy (EIS) measurements. These techniques allow for the determination of the 
relative contributions of the various voltage losses to the overall cell performance. 
The unit of currents used in the electrochemical analysis are expressed as a C-rate (C/n). The 
C-rate is a measure of the rate at which a battery is charged or discharged relatively to its 
maximum capacity. At a C/n rate, the cell will be fully charged or discharged in n hours. To 
discharge at a C/n rate, the current is chosen such that I = C/n, where C is the cell capacity 
and n is the number of hours chosen for discharge time. A 1C rate is the current that would 
cause the cell to be completely discharged from a fully charged state in one hour. Other C-
rates are multiples or fractions of the 1C rate. For instance, at the C/10 rate, a cell would be 
completely discharged in 10 hours. 
5.2 Cathode Synthesis, Cathode Preparation and Cell Assembly 
For electrochemical testing three types of electrodes were made; electrodes where carbon was 
added pre-synthesis, electrodes with carbon added post-synthesis, and electrodes that were 
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kept carbon free. Sets of carbon containing electrodes had either carbon black (C65 from 
Timcal) or pristine SWCNT’s (from Cheap Tubes) added in the amounts of 5, 10 and 20 
wt. %. The procedures for the preparation of these cathodes are discussed here. 
5.2.1 Carbon added Pre-Synthesis  
Carbon was mixed with the precursors prior to the crystallisation of the LiFePO4 phase. This 
mixture was then prepared according to the methodology reported in Chapter 4. In brief the 
precursors containing the respective type and amount of carbon were heated to the respective 
temperature (550, 650 and 750 ᵒC) and held there for 2 hours under flowing Ar/H2 mixture. 
After cooling down to the ambient temperature the synthesised samples were retrieved for 
further analysis. As these LiFePO4 powders with co-precipitated carbon already have carbon 
present, no extra carbon was added during electrode preparation.  
5.2.2 Carbon added Post-Synthesis 
 Carbon-free LiFePO4 powders were first synthesised at three different temperatures (550, 
650 and 750 ᵒC) using the carbon-free methodology discussed in Chapter 3. Carbons were 
then mechanically added during electrode preparation with the loadings kept the same as what 
had been used for the co-precipitated samples (5, 10 and 20 wt. %, SWCNTs or CB).  
5.2.3 Carbon Free Electrodes 
Carbon-free LiFePO4 powders were synthesised at three different temperatures (550, 650 and 
750 ᵒC) according to the methodology described in Chapter 3. They were the same as those 
described in 5.2.2 but no extra carbon was added during preparation of electrodes. These 
electrodes are to be used for comparison with the LiFePO4-carbon composite electrodes.  
5.2.4 Cathode Preparation 
Electrode slurries were formed by first mixing the LiFePO4/C sample with a small amount of 
solvent (water and ethanol in a 50:50 ratio by volume).  The binder CMC (low viscosity 
sodium carboxymethyl cellulose) was then added at a weight ratio of 16:1 (LiFePO4/C to 
CMC respectively). More solvent was added until the slurry reached an appropriate viscosity. 
Slurries were then mixed in a planetary ball mill for 40 minutes at 100 rpm with 10 x 5mm 
and 1 x 20mm diameter zirconium oxide balls. Electrodes were formed by spreading the 
prepared slurry onto a sheet of aluminium foil which had been lightly sanded and cleaned 
with ethanol. Slurries were spread using a K-bar (Revco), resulting in a 60μm thick wet film. 
Electrodes then underwent the following drying regime: 
 Air-drying until touch-dry in a fume hood,   
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 Oven drying at 100 °C for 1 hour,  
 Vacuum oven (0.5bar) at 100 °C for 1 hour, and finally, 
 Oven drying at 70 °C oven for 1 hour.  
Electrode sheets were then stored in a dessicator until ready for battery preparation.  
5.2.5 Cell Assembly 
The 2032 coin cells were assembled in a glove-box under an argon atmosphere with oxygen 
and water contents both maintained below 2 ppm. The cathode was prepared by cutting 15 
mm diameter disks (cross-sectional area equal to 1.767 cm
2
) from the prepared electrode 
sheets. The anode consisted of a 19 mm diameter lithium metal disk separated by a Celgard 
2500 polypropylene (PP) membrane. Electrolyte comprising of a 1M solution of LiPF6 in 
ethylene carbonate (EC) and dimethyl carbonate (DMC) mixture (1:1 w/w) was added to the 
coin cells before assembling the cell with a clamping press. Once coin cells were crimped 
together with an air-tight seal, they were checked for short circuits by measuring the cell 
voltage. If satisfactory, they were taken out of the glove box for further testing in the lab.  
5.3 Cell Testing 
All electrochemical testing was undertaken on a five channel BioLogic VSP potentiostat with 
EC-Lab software. Commonly used experimental setups to study electrochemical systems 
include cyclic voltammetry, galvanostatic cycling and electrochemical impedance 
spectroscopy. In potentiostatic mode, the potentiostat controls the potential of the counter 
electrode (CE) against the working electrode (WE) so that the potential difference between 
the working electrode (WE) and the reference electrode (RE) is defined, and corresponds to 
the value specified by the user (V =  const.). In galvanostatic mode, the current flow between 
the WE and the CE is controlled (I = const.). The potential difference between the RE and 
WE and the current flowing between the CE and WE are continuously monitored.  
5.3.1 Cyclic Voltammetry (CV) 
In cyclic voltammetry, the potential difference is changed continuously with a fixed slope, 
called a scan rate (also known as a sweep rate). The scan rate is changed in sign once a 
maximum or a minimum potential difference is reached. During such experiments, the current 
intensity is registered as a function of the potential and, in general, the shape depends on the 
scan rate. The CV experiments involved initially cycling cells between 2.7 and 4.2V at a scan 
rate of 0.05mV/s. The cell open circuit voltage (EOCV) was taken as the midpoint between the 
voltages where the maximum (oxidation) and minimum (reduction) currents occurred during 
CV experiments, while the polarisation voltage (∆V) was the difference. Cells were also run 
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at two faster scan rates (0.5 and 1.0 mV/s) to obtain information on Li ion diffusion. For each 
scan rate, the second complete cycle was taken for analysis (the first being a conditioning 
cycle). As the scan rate increases, the peak separation and intensity increases. By plotting the 
peak current (Ip) per gram of active material (m) versus the square root of the scan rate (V
1/2
), 
the Randles-Sevcik equation (Eqn. 5.1) can be used to estimate the diffusion coefficient of the 
Li ion during charge/discharge.  
Equation 5.1 
𝑰𝒑
𝒎
= 𝟎. 𝟒𝟒𝟔𝟑(𝒏𝑭)
𝟑
𝟐⁄ (𝑹𝑻)
𝟏
𝟐⁄ 𝑨𝑪𝑳𝒊𝑫
𝟏
𝟐⁄ 𝑽
𝟏
𝟐⁄  
Where IP is the peak current (A), m is the mass of electrode (g), n is the number of electrons 
transferred in the half-reaction for the redox couple (for LiFePO4 n = 1), F is the Faraday 
constant (96485 C/mol), R is the ideal gas constant (8.31 J/molK), T is the experimental 
temperature (K), A is the total surface area  of the electroactive material (cm
2
) calculated from 
the mass loading of LiFePO4 in the respective LiFePO4/C composite and it’s corresponding 
BET surface area., CLi is the molar concentration of Li ions in LiFePO4 (2.28 x 10
-2 
mol/cm
3
), 
D is the Li diffusion coefficient for the LiFePO4 sample (cm
2
/s) at T equal to 298 K (room 
temperature), and V is the scan rate (V/s).  
If n, F, R, T, and CLi are all constant for each LiFePO4 battery sample and then Eqn. 5.1 can 
be condensed to form Eqn. 5.2.  
Equation 5.2 
𝑰𝒑
𝒎
= 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕. 𝑨𝑫
𝟏
𝟐⁄ 𝑽
𝟏
𝟐⁄  
If IP/m is plotted against V
1/2
, and a trend line forced through zero is fitted, the gradient will 
equal a constant multiplied by the area and the square root of the diffusion constant. Li 
diffusion coefficients can then be calculated.  
5.3.2 Charge Discharge Experiments  
Charge/Discharge curves were accumulated using Chrono-Potentiometry (CP) with cells 
cycled between 2.5 and 4.2V. Two different constant currents were used for 
charging/discharging (+/-): 
 Slow Current = ± 0.02 mA (equal to an electrode current density of 11.3μA/cm2). This 
is approximately equal to 0.05 C (or C/20) rate. 
 Fast Current = ± 0.23 mA (equal to an electrode current density of 130.2μA/cm2). This 
is approximately equal to 0.5 C (or C/2) rate. 
The calculated C-rates were based on the theoretical capacity of 170 mAh/g for LiFePO4, but 
will vary slightly as the mass of active material on the electrodes between the samples varied. 
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Cells first underwent a conditioning cycle for each rate, before a subsequent cycle was taken 
and used for analysis. Two batteries for every sample were tested and the specific capacity 
(mAh/g) calculated using Eqn. 5.3: 
Equation 5.3 𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 = 𝑪𝑺𝒑 = 
𝑰 × 𝒕
𝒎
 
Where I is current in mA, t is the time it took to charge/discharge in hours, and m is the mass 
of active material (LiFePO4) on the electrode. The average specific capacity of the two 
different batteries was then taken as the final result. 
5.3.3 Electrochemical Impedance Spectroscopy 
The Electrochemical Impedance spectra were collected on a BioLogic VSP with two EIS 
modules at room temperature (20 ± 2 ⁰C) over a frequency range of 1Hz to 0.1 MHz with an 
amplitude of 10 mV. For these experiments a fresh battery was prepared for each sample and 
used within 12 hours. The following procedure was used for each battery sample: 
 Cell held for 30 minutes at open circuit voltage, EOCV,  
 First EIS experiment undertaken, 
 Cycling between 2.5 and 4.2 V five times at a constant current of 0.23 mA 
(approximately C/2 rate), 
 Cell then held at 3.45V for 30 minutes,  
 Second EIS experiment undertaken. 
Results from the second EIS experiment were used, because after cycling it gave a clearer 
understanding of sample performance. The resulting data was then fit with a model using the 
EC-Lab software’s Z-fit module. The Li-ion diffusion coefficient at open circuit state was 
estimated from the slope of linear response of Zreal and ω
−1/2
 in the low frequency region by 
Eqns. 5.4 and 5.5: 
Equation 5.4 𝑫 =
𝑹𝟐𝑻𝟐
𝟐𝑨𝟐𝒏𝟒𝑭𝟒𝑪𝟐𝝈𝟐
 
Equation 5.5 𝒁𝒓𝒆𝒂𝒍 = 𝑲+
𝝈
√𝝎
 
where D is the diffusion coefficient (cm
2
/s), R is the gas constant (J/mol K), T is the ambient 
temperature (298 K), A is the surface 1/3 BET surface are of the active material, n is the 
number of electrons transferred in the half-reaction for the redox couple (for LiFePO4, n = 1), 
F is the Faraday constant, C is the molar concentration of Li ions in LiFePO4 (2.28 × 10
−2
 
mol/cm
3), K is a constant, ω is frequency, and σ is the Warburg factor which corresponds to 
the slope of the curve. 
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5.4 Electrochemical Results and Discussion 
A series of LiFePO4 samples were synthesised according to procedure described in Chapter 4 
containing three different loadings (5, 10 or 20 wt.%) of carbon black (CB) or single wall 
carbon nanotubes (SWCNTs). The carbons were added either together with the LiFePO4 
precursors (carbons added pre-synthesis), or mixed with the same quantities of carbon for 
post-synthesis of the LiFePO4 phase. The effect of synthesis temperature was investigated 
where the LiFePO4 material was prepared by heating in Ar/H2 atmosphere at three 
temperatures; 550 °C, 650 °C and 750 °C as described in Chapter 4.  
 It is important to note that during the cathode preparation no extra carbon was added in 
addition to the 5, 10 and 20 wt. % loadings, which would be the standard procedure for a 
high-performing battery. While this approach may result in lower specific capacities and 
poorer electronic conductivity compared to those reported in the literature, it is useful to 
clarify the interactions between the phosphate (from carbon free LiFePO4) and carbon 
additives (CB or SWCNT) added before or after LiFePO4 synthesis. In other words, the effect 
of the carbon-phosphate mixing sequence is investigated at the expense of the battery’s 
electrochemical performance.  
5.4.1 Cyclic Voltammetry 
Figures 5.1, 5.2 and 5.3 compare the CV profiles of all samples collected with a scan rate of 
0.05 mV/s.  These CV profiles exhibit two peaks located at ~3.5 V in the anodic sweep 
(charge) and ~3.3 V in the cathodic sweep (discharge) which corresponds to the two-phase 
charge/discharge reaction of the Fe
2+
 /Fe
3+
redox couple and characterises the electrochemical 
Li
+
 insertion and extraction in LiFePO4 [1]. The midpoint between the oxidation and 
reduction peaks, which corresponds to the open circuit potential of the LiFePO4 electrode, is 
about 3.45 V vs. Li
0
/Li
+
. 
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Figure 5.1 CV profiles of samples prepared at 550 
o
C for 2h using a scan rate of 0.05 mV/s from 
2.5 V to 4.2 V containing; (A) and (B) CB and (C) and (D) SWCNTs. Three different 
carbon loadings were added either pre- or post-synthesis. 
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Figure 5.2 CV profiles of samples prepared at 650 
o
C for 2h using a scan rate of 0.05 mV/s from 
2.5 V to 4.2 V containing; (A) and (B) CB and (C) and (D) SWCNTs. Three different 
carbon loadings were added either pre- or post-synthesis. 
 
 
~ 121 ~ 
 
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
-100
-50
0
50
100
150
S
p
e
c
if
ic
 C
u
rr
e
n
t 
(m
A
/g
)
Voltage (V)
CB pre synthesis 750 
o
C
20
10
5
A
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
-100
-50
0
50
100
150
S
p
e
c
if
ic
 C
u
rr
e
n
t 
(m
A
/g
)
Voltage (V)
20
10
5
SWCNT pre synthesis 750 
o
C C
 
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
-100
-50
0
50
100
150
S
p
e
c
if
ic
 C
u
rr
e
n
t 
(m
A
/g
)
Voltage (V)
CB post synthesis 750 
o
C
20
10
5
B
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
-100
-50
0
50
100
150
S
p
e
c
if
ic
 C
u
rr
e
n
t 
(m
A
/g
)
Voltage (V)
SWCNT post synthesis 750 
o
C
20
10
5
D
 
Figure 5.3 CV profiles of samples prepared at 550 
o
C for 2h using a scan rate of 0.05 mV/s from 
2.5 V to 4.2 V containing; (A) and (B) CB and (C) and (D) SWCNTs. Three different 
carbon loadings were added either pre- or post-synthesis. 
Other redox peaks are not observed in these voltammograms, indicating the absence of 
electroactive iron containing impurity phases such as Li3Fe2(PO4)3, LiFeP2O7, and Fe4(P2O7)3 
[16].  
5.4.1.1 Effect of Carbon Content 
The ratio between anodic and cathodic peak currents is close to unity, implying good 
reversibility of lithium intercalation and de-intercalation from LiFePO4 carbon composites. 
However, there are differences. Figures 5.1, 5.2 and 5.3 demonstrate that the intensity and 
shape of the peak current depend strongly on carbon content and type. Samples containing 10 
or 20 wt. % CB or 5, 10 or 20 wt. % SWCNTs added with the precursors pre-synthesis show 
more symmetric anodic and cathodic peaks (A and C profiles), in contrast to those where 
carbon was added post-synthesis which demonstrate significantly lower peak current maxima 
(B and D profiles). The higher peak currents achieved in cathodes containing carbon mixed 
pre-synthesis compared to LiFePO4 containing carbon mixed post-synthesis is presumably 
due to higher electronic conductivity, which might be advantageous for obtaining higher 
capacity at higher C-rates (discussed in section 5.4.3).  This could be due to the formation of 
more homogeneous phosphate-carbon mixtures when the carbons are pre-mixed with the 
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precursors and also due to better contact between the carbons and the active phase that may 
occur during high temperature treatment of the carbon-phosphate mixture. Also, the well-
developed CV loop shapes suggests that the kinetics of lithium intercalation and de-
intercalation and electronic conductivity is markedly improved by the mixing of carbon pre-
synthesis compared to systems where carbon is added to LiFePO4 post-synthesis.  
In pure LiFePO4 materials without carbon coating or additives, a larger separation between 
redox peaks appears, indicating a reduced reversible behaviour which is mainly related to the 
sluggish diffusion step. According to Liu et al. the anodic/cathodic peaks of pure LiFePO4 
containing no conductive additives are located at 4.08 V/2.88 V at a scan rate of 0.1 mV/s 
[17]. Such a large separation of 1.20 V between redox peaks (V)  indicates that the low 
electronic conductivity in pure LiFePO4 is responsible for the slow electron transfer and slow 
Li
+
 diffusion step [17]. Although the employed scanning rate is lower (0.05 mV/s), the 
difference between the anodic and cathodic peaks, V is markedly lower: ~ 0.12 to 0.37 V 
depending on the synthetic conditions and nature of carbon. This relatively narrow range 
indicates that the polarization voltage of the electrochemical system is not very high due to 
improved conductivity and probably improved Li
+ 
diffusion rate. 
5.4.1.2 Effect of Carbon Type and Mixing Sequence 
The results reported here validate the hypothesis that the nature of the carbon is important. All 
samples prepared with 5 wt. % SWCNTs mixed with the precursors pre-synthesis 
demonstrate significantly higher peak currents than the respective samples containing CB. In 
fact, when 5 wt. % CB was mixed pre-synthesis, the samples show no measurable peak 
currents unlike the respective samples containing SWCNT. This effect is apparent for samples 
prepared at either 550 or 650 °C. Only at 750 °C samples containing 5 wt. % CB mixed with 
the precursor demonstrate some electrochemical activity. When higher contents of SWCNTs 
or CB were used (10 or 20 wt. %) the difference in the peak intensity is relatively small. This 
could be due to the unforseen specifics of the novel synthetic method. As discussed in 
Chapter 4 section 4.3.2, at temperatures above 500 °C the evolving sulphur containing volatile 
species from the sulphate containing ligands oxidise the added carbon at temperatures where 
crystallisation of LiFePO4 occurs. This means that the samples containing CB pre-mixed with 
the precursors contain less carbon than intended. The effect on peak intensity is less 
noticeable for the samples containing 10 and 20 wt. % CB, probably because of the limited 
quantity of sulphur containing species that can oxidize carbon. However, purely for 
comparison purposes these samples are still code-named 5, 10 and 20 wt. %, respectively. The 
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carbon loss due to interaction with the sulphur containing species may explain why LiFePO4 
containing 5 wt. % CB added post-synthesis demonstrates much higher peak currents at any 
temperature than the respective samples containing 5 wt. % CB mixed pre-synthesis. While 
the mass-loss curves of samples containing SWCNTs also exhibit comparable losses (Chapter 
4, Table 4.1) the composites containing 5 wt. % SWCNT pre-mixed perform much better than 
the respective composites containing CB. This is probably due to the elongated tubular 
morphology of the SWCNTs which allows wiring distant particles. Also, the much lower 
ID/IG ratios (Chapter 4, Table 4.2) for the composites containing SWCNTs than for those 
containing CB suggest that the former poses much fewer defects in their structure and 
therefore are far more conductive than the  latter.  That is why samples mixed pre-synthesis 
with 5 wt. % SWCNTs demonstrates much higher specific current intensity than the 
respective sample containing CB. 
5.4.1.3 Effect of Synthesis Temperature 
Increasing synthesis temperatures increased the peak current for all samples, but the effect 
again is more pronounced for the sample containing carbons added with the precursors. The 
specific peak current increases from ~ 80 mA/g for the samples prepared at 550 
o
C to > 100 
mA/g for samples prepared at 750 
o
C. The more symmetric redox peak profiles demonstrate 
that at higher temperatures the redox kinetics is enhanced probably due to the improvement of 
electronic contact between the carbon and the active phosphate phase. Unexpectedly, samples 
prepared at 750 
o
C containing 10 wt. % SWCNTs mixed pre-synthesis demonstrate stronger 
specific currents than those containing 20 wt. % SWCNTs. The same is observed for 
composites prepared at 750 
o
C where the carbons (both CB and SWCNTs) are added post-
synthesis. Currently, this deviation is not explained and warrants further investigation.  
5.4.2 Lithium Ion Diffusion Coefficient from CV Measurements 
It is important to investigate the effect of carbon on the diffusion coefficient of Li
+
 into the 
electrode material as this mainly determines achievable capacity and rapid diffusion of ions, 
which is of practical importance for fast storage/ drainage of energy. Cyclic voltammetry can 
be used to evaluate the kinetics of Li
+
 intercalation and de-intercalation processes from the 
dependence of specific peak current intensity, IP/m (mA/g) on the scan rate (V/s). This can be 
rationalised by considering the voltage and mass transport effects. As the current, IP, is 
proportional to the Li
+
 flux towards the electrode, the magnitude of the current will be lower 
at slow scan rates and higher at high rates [18, 19]. This is the basis for the estimation of the 
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Li
+ 
diffusion rate using CV measurements. The relationship between the scan rate, specific 
peak current and Li
+
 diffusion rate is given by Eqns. 5.1 and 5.2. 
The LiFePO4/carbon composites were subjected to CV measurements with scan rates of 0.05, 
0.5 and 1.0 mV/s to obtain Li ion diffusivity. For clarity the CV data obtained with 0.5 and 
1.0 mV/s are not shown here but listed in the Appendix (Figure A10 – A15). Randles-Sevcik 
equation (Eq. 5.1 and 5.2), which describes the relationship between the specific peak current, 
IP, and square root of the scan rate (V
1/2
), was applied to estimate the chemical diffusion 
coefficient of the Li
+
 in LiFePO4 during charge and discharge. From the slopes of the linear 
fits the Li
+ 
diffusion rates can be calculated as a function of the carbon type, carbon content, 
mode of addition and temperature. For all samples, the peak current is in linear response to 
the square root of scanning rate (V
1/2
) as shown in Figures 5.4 – 5.6. The linear response 
means that the Li
+
 diffusion determines the whole electrode kinetics for the chosen range of 
scan rates used. 
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Figure 5.4 Effect of carbon type, amount and method of addition for LiFePO4 synthesised at 550 
o
C on the peak specific current traces vs. the square root of the scan rate (where scan 
rates were 0.05, 0.5 and 1.0 mV/s).  
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Figure 5.5 Effect of carbon type, amount and method of addition for LiFePO4 synthesised at 650 
o
C on the peak specific current traces vs. the square root of the scan rate (where scan 
rates were 0.05, 0.5 and 1.0 mV/s). 
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Figure 5.6 Effect of carbon type, amount and method of addition for LiFePO4 synthesised at 
550 °C on the peak specific current traces vs. the square root of the scan rate (where 
scan rates were 0.05, 0.5 and 1.0 mV/s). 
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Because Li ions in LiFePO4 can only be intercalated and de-intercalated along the [010] 
direction, as barriers to diffusion along the other two axes is prohibitively high, the entire 
electrode area (parameter A in Eqns. 5.1 and 5.2) was substituted for one-third of the total 
Brunauer-Emmett-Teller (BET) surface area of the LiFePO4 particles [7]. The numerical 
results are summarised in Table 5.1. Note that for BET measurements, a separate set of 
carbon-free LiFePO4 samples were synthesised under the same conditions without addition of 
carbon, because CB and SWCNTs have much higher surface area than the carbon-free 
LiFePO4 powders.  Therefore, their significant relative contribution to the total surface can 
lead to misleading estimations of the Li
+
 diffusion rates.  
The comparison of the results in Table 5.1 demonstrate that during charge, the composites 
prepared at 750 
o
C performed best, followed by the 650 and then 550 
o
C samples. Samples 
containing carbons added pre-synthesis tended to outperform those containing carbons added 
during post-synthesis. Also, samples containing SWCNTs exhibit slightly higher Li
+
 diffusion 
rates than the respective samples containing CB.  
Table 5.1 Diffusion coefficients obtained from CV scans of samples at 0.05, 0.5 and 1.0 mV/s 
scan rates. BET area (m
2
/g) for 750 
o
C = 0.86; 650
 o
C = 2.12; 550 
o
C = 5.63. For calculations, one 
third of the respective BET area was used. 
Carbon 
Type 
Carbon 
Conc. 
(wt.%) 
D (charging) 
(cm
2
/s) 
D (discharging) 
(cm
2
/s) 
550 
o
C 650 
o
C 750 
o
C 550 
o
C 650 
o
C 750 
o
C 
CB 
pre 
5 1.21 x 10
-13
  3.01E-13 2.53 x 10
-9 
 1.89 x 10
-15 
 3.34 x 10
-13 
 2.40 x 10
-9 
 
10 2.39 x 10
-10 
 5.35 x 10
-8 
 2.82 x 10
-7 
 2.16 x 10
-10 
 3.56 x 10
-8 
 1.87 x 10
-7 
 
20 1.10 x 10
-8
  1.09 x 10
-7 
 1.99 x 10
-6 
 6.77 x 10
-9 
 5.03 x 10
-8 
 1.05E-06 
CB 
post 
5 2.46 x 10
-10 
 1.84 x 10
-9 
 3.57 x 10
-8 
 2.49 x 10
-10 
 2.07 x 10
-9 
 3.44 x 10
-8 
 
10 1.34 x 10
-9 
 1.02 x 10
-8 
 7.60 x 10
-8 
 1.31 x 10
-9 
 8.87 x 10
-9 
 7.05 x 10
-8 
 
20 2.64 x 10
-9 
 3.72 x 10
-8 
 5.77 x 10
-8 
 2.90 x 10
-9 
 3.27 x 10
-8 
 5.96 x 10
-8 
 
SWCNT 
pre 
5 5.83 x 10
-10 
 4.77 x 10
-9 
 2.93 x 10
-8 
 5.35 x 10
-10 
 4.78 x 10
-9 
 2.85 x 10
-8 
 
10 4.14 x 10
-9 
 5.79 x 10
-8 
 3.33 x 10
-7 
 2.92 x 10
-9 
 4.28 x 10
-8 
 2.52 x 10
-7 
 
20 1.04 x 10
-8 
 9.04 x 10
-8 
 4.60 x 10
-7 
 7.60 x 10
-9 
 6.59 x 10
-8 
 3.20 x 10
-7 
 
SWCNT 
post 
5 5.56 x 10
-10 
 1.73 x 10
-9 
 4.20 x 10
-9 
 5.58 x 10
-10 
 1.98 x 10
-9 
 5.19 x 10
-9 
 
10 7.18 x 10
-10 
 4.17 x 10
-9 
 1.75 x 10
-7 
 6.86 x 10
-10 
 4.73 x 10
-9 
 1.57 x 10
-7 
 
20 1.71 x 10
-9 
 1.26 x 10
-8 
 3.89 x 10
-7 
 2.76 x 10
-9 
 1.19 x 10
-8 
 3.42 x 10
-7 
 
 
The main exception to these trends is the sample containing 5 wt. % CB added pre-synthesis 
which has a diffusion rate (1.2x10
-13
 cm
2
/s)  nearly three orders of magnitude lower than the 
corresponding sample containing SWCNTs (5.8 x 10
-10
 cm
2
/s). During discharge the 
difference is even more pronounced ~1.9x 10
-15
 vs. ~5.3 x 10
-10
. This trend in diffusion 
coefficient during discharge is consistent with the reported Li
+
 diffusion rate values for 
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LiFePO4 without extra carbon (from ∼6.8 × 10
−14 
to ~1.28 ×10
−15
 cm
2
/s) [17, 20]. As already 
discussed in the previous section, this can be attributed to the preferential carbon loss when 5 
wt. % CB is used due to the reaction with sulphur containing residues. 
Composites prepared at 650 
o
C broadly follow similar trends; with the increase of the carbon 
content the Li
+
 diffusion rate increases. The charge and discharge rates are one order of 
magnitude higher than that of the samples synthesised at 550°C with one exception; the 
sample containing 20 wt.% CB pre-synthesised, which demonstrates the highest rate of the 
series; 1.1 x10
-7
 cm
2
/s.  
The increase of the synthesis temperature to 750°C leads to the highest Li
+
 diffusion rate and 
again the sample with 20 wt.% premixed CB demonstrates best diffusion rate ~2 x 10
-6 
cm
2
/s. 
Interestingly, at 750°C, even the sample with 5 wt.% CB pre-mixed with the precursors 
demonstrates relatively high Li
+ 
diffusion rates. A possible explanation could be the improved 
crystallinity and the likely absence of antisite defects where Fe
2+
 occupies the Li
+
 octahedral 
sites and thus may block the Li
+
 diffusion pathways (See Chapter 2 section 2.7.2). 
Alternatively, this could be due to possible formation of an electronically conductive phase 
such as Fe2P which is known to evolve at temperatures above 650 
o
C in the presence of 
reductive agents such as carbon [6, 21]. Some of the X-ray diffraction patterns indicate the 
possible formation of that phase with metallic-like conductivity when the synthesis was 
carried out at 750 
o
C in presence of carbon (Chapter 4 section 4.4.2).  
In summary, the linear relationship between the specific peak current (IP/m) and the square 
root of the scan rate (V
1/2
) suggests that the electrochemical process is purely limited by the 
Li
+
 diffusion. The CV data validate that kinetics of lithium intercalation and de-intercalation 
is greatly ameliorated by the incorporation of carbon pre-mixed with the LiFePO4 precursors. 
At lower temperatures (550 and 650 
o
C) and lower carbon content (5 and 10 wt. %), the 
addition of carbon post-synthesis is not as effective as the addition of the same carbon type 
and quantity with the precursors (pre-synthesis).  
5.4.3 Charge Discharge at Two C-Rates 
Since pure LiFePO4 generally has a low rate capability, for tests reported here either a C/5 or 
C/20 rate was chosen. Coin cells were charged and discharged (cycled) by applying a constant 
current (galvanostatic mode) and monitoring the cell voltage in the range between 2.5 V and 
4.2 V. The current applied to the cell is determined based on its theoretical capacity, which is 
calculated based on the average working electrode active material mass. The cells were 
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always recharged at the same specific current (C/5 or C/20) to assure identical initial 
conditions. The cathode materials are cycled vs. Li
0
, so all voltages discussed here are in 
reference to the Li
0
/Li
+
 electrochemical couple.  
Figures 5.7 – 5.9 compare the charge/discharge voltage profiles of the Li/LiFePO4 carbon 
composites for all samples at a C/5 and C/20 C rates. It can be seen that all of the samples 
display similar charge/discharge curves with a potential plateau at approximately 3.45 V (vs. 
Li/Li
+
). This means that a two-phase Fe
3+/
Fe
2+
 redox reaction proceeds via a first-order 
transition between FePO4 and LiFePO4 as already discussed in Chapter 2 section 2.5.3.  It can 
be seen, at slow charge/discharge rate, i.e., at C/20, plateaus along the potential plots are 
noticeable. These plateaus occur at potentials where two phases, i.e., a Li-rich phase and a Li-
poor phase, occur in the active material at the same time [22, 23]. In other words, these 
plateaus occur at the redox potentials of the active materials, due to Li-ions intercalation and 
de-intercalation. 
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Figure 5.7 Charge/discharge profiles of LiFePO4 /carbon composites synthesised at 550 
o
C (A) 
CB added pre-synthesis, (B) CB added post-synthesis, (C) SWCNTs added pre-
synthesis and (D) SWCNTs added post-synthesis, at current rates C/5 and C/20. 
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Figure 5.8 Charge/discharge profiles of LiFePO4 /carbon composites synthesised at 650 
o
C (A) 
CB added pre-synthesis, (B) CB added post-synthesis, (C) SWCNTs added pre-
synthesis and (D) SWCNTs added post-synthesis, at current rates C/5 and C/20. 
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Figure 5.9 Charge/discharge profiles of LiFePO4 /carbon composites synthesised at 750 
o
C (A) 
CB added pre-synthesis, (B) CB added post-synthesis, (C) SWCNTs added pre-
synthesis and (D) SWCNTs added post-synthesis, at current rates C/5 and C/20. 
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By increasing the discharge current from C/20 to C/5, two effects can clearly be observed in 
the flat voltage region: a decrease of the average discharge voltage and an increase of the cell 
voltage slope. At higher C-rates (C/5) the time during a charge or discharge is not enough to 
completely intercalate and de-intercalate the lithium ions, resulting in a significantly reduced 
specific capacity. 
The specific discharge capacity of LiFePO4/Carbon composites are summarised in Table 5.2. 
When CB was used as a conductive additive, the highest specific capacity was achieved when 
samples were synthesised at 750 °C with either 10 or 20 wt.% CB added pre-synthesis. The 
sample containing 10 wt. % CB added pre-synthesis demonstrates a maximum specific 
capacity of ~ 84 mAh/g at C/20 which is about 49 % of the theoretical capacity (170 mAh/g). 
These samples also demonstrate faster Li
+
 diffusion rates (Table 5.1) Those which contain 5 
wt.% mixed pre synthesis demonstrate very poor specific capacity. As already discussed this 
is due to the loss of carbon. The specific capacities of those containing CB added post 
synthesis are lower but vary to a lesser extent.  
At C/20 the LiFePO4 containing 5 or 10 wt.% pre-mixed SWCNT and prepared at 650°C 
deliver the highest discharge capacity of 93 – 94 mAh/g, which is approximately 55 % of the 
theoretical capacity. At C/5 the same samples deliver about 28 % discharge capacity which is 
the highest among the samples. Interestingly, at both C/20 and C/5 sample containing 10 wt. % 
SWCNT added post-synthesis deliver almost the same specific capacity of 56 – 57 mAh/g. 
Given that these samples demonstrate an order of magnitude lower Li
+
 diffusion rate (Table 
5.1), this is rather surprising. This result suggests that not only the Li
+
 diffusion rates but other 
mechanisms contribute to the overall electrochemical performance of the samples containing 
SWCNTs.  
Table 5.2 Comparing specific capacity during charge at C/20 and C/5 rates. 
Sample 
Carbon 
(wt.%) 
Specific capacity (mAh/g) 
C/20 rate C/5 rate 
550 
o
C 650 
o
C 750 
o
C 550 
o
C 650 
o
C 750 
o
C 
CB 
pre 
5 0.0 0.1 32.1 0.0 0.0 6.8 
10 44.3 61.6 83.7 7.8 28.8 44.3 
20 60.5 65.4 78.6 33.7 35.6 46.2 
CB 
post 
5 56.5 33.9 51.2 12.6 7.6 20.5 
10 73.0 40.9 48.7 32.4 13.7 18.4 
20 67.4 55.0 66.0 25.7 21.0 23.4 
SWCNT 
pre 
5 72.7 83.6 93.3 33.9 45.8 48.0 
10 80.6 69.2 94.3 44.3 39.1 46.4 
20 67.4 67.7 79.2 35.7 40.2 37.1 
SWCNT 
post 
5 79.1 62.6 46.7 29.1 20.3 16.1 
10 80.0 57.5 87.0 25.8 20.7 56.2 
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20 78.5 70.4 86.0 42.0 31.1 45.4 
 
As expected, the specific capacity decreases by increasing the discharge current and even 
more so for cathodes with lower carbon content. This is observed for all samples regardless of 
the nature of carbon, mode of addition or synthesis temperature. The CV measurements of Li
+
 
diffusion rates reported in Table 5.1, suggest that the decrease in discharge capacity with 
higher current density results from the intrinsic lithium-ion diffusion limitations of the 
material. This may be because the chemical reaction at the cathode depends on the relatively 
slow diffusion rate of the working cation (Li
+
) into a host cathode structure as well as in the 
electrolyte.  
5.4.4 Electrochemical Impedance Spectroscopy   
Electrochemical Impedance Spectroscopy (EIS) is a powerful diagnostic tool that can be used 
to separate and quantify the three sources of polarization (kinetic, ohmic and concentration) 
[24-28]. These have been discussed in Chapter 2.By applying equivalent circuit models 
wherein physiochemical processes occurring within the cell are represented by a network of 
resistors, capacitors and inductors, it is possible to extract meaningful qualitative and 
quantitative information regarding the sources of impedance within the cell which can then be 
used to improve the performance of Li-ion cells [25, 26, 29].The following Section briefly 
summarises EIS basics from the perspective of Li-battery research, Nyquist presentation and 
equivalent circuit modelling.  
5.4.4.1 Representation of Impedance Data 
EIS analysis allows us to understand how the impedance, Z, of an electrochemical system 
varies with a small-amplitude alternating current (AC) perturbation, at certain angular 
frequencies (), (𝜔 = 2𝜋𝑓).. The impedance, Z(), of the system is a complex quantity with 
a magnitude and a phase shift which depends on the frequency of the signal. By varying the 
frequency, f, of the applied signal one can get the impedance of the system as a function of 
frequency. In Cartesian coordinates the impedance of an electrode or a battery is given by 
Equation 5.6 𝒁(𝝎) = 𝒁𝒓𝒆𝒂𝒍(𝝎) − 𝒋𝒁𝒊𝒎𝒂𝒈𝒊𝒏𝒂𝒓𝒚(𝝎) 
The expression for Z(ω) is composed of a real and an imaginary part and 𝑗 = √−1 [24, 26, 30, 
31]. The EIS data for electrochemical cells are most often represented by a complex plane, 
also known as a Nyquist plot, which illustrates the behaviour of electrode processes (Figure 
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5.10), where the real part, Zreal, is plotted on the X-axis and the imaginary part, Zimaginary, is 
plotted on the Y-axis of a chart.  
The Nyquist plot depicts the imaginary impedance, which is indicative of the capacitive and 
inductive character of the cell, versus the real impedance of the cell [30]. The Nyquist 
representation of EIS data is that it gives a quick overview of the data and one can make some 
qualitative interpretations. For example, the activation-controlled processes (such as those in 
electrochemical cells) show up as unique impedance arcs and the shape of the curve provides 
insight into possible mechanism (Figure 5.10). It is possible to recognize the resistance of the 
electrolyte, the resistance of the charge transfer, and other properties of the system. Moreover, 
the kinetic parameters can be obtained from the plot in the case of simple redox systems. 
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Figure 5.10 A typical Nyquist Plot for a LiFePO4 cell. The behaviour of impedance with 
frequency for an idealized cell, where the characteristic behaviours of Ohmic, 
activation, and diffusion or concentration polarization losses are depicted. Adapted 
from ref. [30] 
Physicochemical processes occurring within the cell; electron and ion transport, gas and solid 
phase reactant transport, heterogeneous reactions, etc. are exhibited at different frequencies in 
the Nyquist plot. The activation processes exhibit semicircular behaviour with frequency 
where the diameter is given by the resistance and the angular point is the cut-off frequency 
which depends on the capacitance, C. The frequency of the maximum, fm, of the semicircle 
gives the relaxation time, where 𝜏 = 1 𝑓𝑚 = 𝑅𝐶⁄ . For clarity, the Nyquist plot of a battery can 
be divided into following parts [27, 28, 30, 32]: 
 RE describes the Ohmic resistance defined by the intercept at the Zreal axis at a high 
frequency and represents the total resistance of the electrolyte, separator, and electrical 
contacts,  
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 The semicircle in the high frequency range is related to the Li-ion migration resistance 
through the SEI film formed on a graphitic anode or another coating layer,  
 The second semicircle in the middle frequency range is attributed to the charge 
transfer resistance (RCT). It is related to the complex reaction process of charge 
transfer between the electrolyte and the active material, i.e. migration of the Li
+
 ions at 
the electrode/electrolyte interface and inter-particle contact resistance. Also, at the 
interface of the electrolyte/active material, a double layer capacitor CDL occurs in 
parallel to the electrochemical charge transfer reaction. Therefore, the charge transfer 
potential is described by the charge transfer resistor RCT and the double-layer capacitor 
by the capacitor CDL. Together, the charge transfer resistance and double layer 
capacity determine the size and location of the second semicircle, 
 The low frequency range is characterized by the inclined line at an approximate 45o 
angle to the real axis. This low frequency section is also known as Warburg 
impedance (ZW). The Warburg impedance is characterized by having identical real and 
imaginary contributions, resulting in a phase angle of 45°. This part is used to describe 
the Li
+
 diffusion or mass transport in the bulk of the cathode material.  
The characterization of electrochemical systems with EIS requires the interpretation of the 
data with the help of suitable models [29]. Equivalent circuit modelling of EIS data is used to 
extract information on the electrochemical system by modelling the impedance data in terms 
of an electrical circuit composed of passive elements; resistors (R), capacitors (C), and 
inductors (L) [24, 26]. The passive circuit elements can be combined in series and parallel to 
build equivalent circuit models, which can then be used to model the various phenomena 
going on in the electrochemical cell, which then can be used to improve the performance of 
Li-ion cells [24-29]. 
After identifying a suitable model, the next step in the data analysis is estimation of the model 
parameters. This is done by the non-linear regression of the model to the data. The estimated 
parameters are then implemented into a cell model. Finally, the model is validated by 
comparison to measured data [24-26, 28, 29, 33]. The main problem with EIS can be its 
ambiguity; many physically different procedures or separate stages of a complicated process 
show similar features in terms of impedance spectroscopy. Hence, several arrangements of 
circuit elements are possible for a given set of data and that some equivalent circuits are 
mathematically identical [26, 27].  Therefore, care must be taken to avoid unrealistic models. 
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5.4.4.2 Impedance Measurements 
To understand the effect of carbon type, amount and method of addition on Li
+
 diffusivity and 
electronic conductivity in more detail, EIS experiments were performed on LiFePO4/Carbon 
cathodes. The focus was on the electric conductivity and lithium ion diffusion coefficients. 
Figures 5.11 – 5.13 show the Nyquist plots as square dots at open circuit voltage (EOCV = 3.45 
V) of the freshly prepared cells which were collected after five charge/discharge cycles. All 
spectra were collected at room temperature in the frequency range 100 kHz to 1 Hz.  
The point at which the semi-circle intercepts the real axis at the high-frequency end 
corresponds to the electrolyte ions transportation barrier, RE. The shape and size of the 
semicircle is linked to charge-transfer resistance, RCT at the interface between the electrolyte 
and the cathode. The carbon type, carbon content and synthesis temperature modulate RE and 
the semicircles’ diameters and spectral span; this means that the resistance of charge transfer, 
RCT is strongly affected by the preparation conditions. The inclined line in the low frequency 
range represented the Warburg impedance (Zw), is also modulated by the synthesis parameters 
of the LiFePO4/carbon composites. However, there is no clear correlation between the 
temperature, carbon content and the shape of the impedance spectra. Except for composites 
containing 5wt.% CB mixed pre-synthesis, all of the spectra have an intercept at high 
frequency, followed by a depressed semicircular plot in the medium-to-high frequency region 
and a slope inclined at almost constant angle to the real axis in the low-frequency region 
(Figures 5.11 A – 5.13 A). 
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Figure 5.11 Impedance spectra of the samples prepared at 550 
o
C. (A) CB added pre-synthesis, 
(B) CB added post-synthesis, (C) SWCNTs added pre-synthesis and (D) SWCNTs 
added post-synthesis. 
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Figure 5.12 Impedance spectra of the samples prepared at 650 
o
C. (A) CB added pre-synthesis, 
(B) CB added post-synthesis, (C) SWCNTs added pre-synthesis and (D) SWCNTs 
added post-synthesis. 
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Figure 5.13 Impedance spectra of the samples prepared at 750°C. (A) CB added pre-synthesis, 
(B) CB added post-synthesis, (C) SWCNTs added pre-synthesis and (D) SWCNTs 
added post-synthesis. 
Samples containing 5wt. % CB mixed pre-synthesis demonstrate almost straight lines 
intercepting the Zreal-axis at high frequencies with no additional spectral features. With the 
increase of the carbon content the semi-circle associated with charge-transfer properties of the 
LiFePO4-carbon composites are seen. When CB was mixed post-synthesis all samples exhibit 
the semi-circle due to the charge transfer resistance (Figures 5.11 B – 5.13 B). 
When the SWCNTs were mixed pre-synthesis and the composite was prepared at 550 
o
C the 
charge transfer resistance (RCT), decreases with the SWCNT content and the slope in the low 
frequency region increased (Figure 5.11 C). As the temperature increases to 650 
o
C, RCT first 
decreased when 10 wt. % SWCNTs were added, and then increased, and the slope of in the 
low frequency range first increased and then decreased (Figure 5.12 C). At 750 
o
C, the 
increase of SWCNTs content from 10 to 20 wt. % decreases RCT resistance and increase the 
slope in the low frequency region (Figure 5.13 C). Similarly, no clear trend is observed when 
the SWCNTs were added post-synthesis (Figures 5.11 – 5.13 D). Perhaps the only exception 
is the sample synthesised at 750 
o
C, where the increase of the SWCNT content from 5 to 20 
wt. % both decreases RCT  and increases the slope in the low frequency region.  
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5.4.4.3 Equivalent Circuit Modelling and Interpretation of EIS Data 
In the literature, various arbitrarily selected equivalent circuits have been used for analysis of 
spectra whereby the criterion of merit has been the quality of fit [34-36]. Models of the 
equivalent circuit were constructed by the EC-Lab software based on the shapes of the 
Nyquist plots from the samples. Initially, several models were tested and they appear to 
provide very good fits while their passive element configurations were different. This made 
the interpretation of the EIS spectra ambiguous, and eventually a very simple model based on 
the Figure 5.14A was employed (Figure 5.14B). The model has three components only; two 
resistors and a constant phase element (CPEDL) and a shape factor a, to model RE, RCT and 
double layer capacitance, CDL at the electrolyte/LiFePO4 interface.  
Charge transfer resistance, RCT, and double layer capacity determine size and location of the 
semicircle in the Nyquist plots. This equivalent circuit was obtained by substituting the 
double layer capacitance, CDL to the constant phase angle element (CPEDL) which can be 
described as an imperfect capacitor. The CPE is commonly used to describe the depressed 
semicircle that results from a porous electrode as well as the influence of the passivation 
processes on electrode/electrolyte interface and other heterogeneities [27]. 
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Figure 5.14 Equivalent circuit used for fitting the experimental EIS data. 
The impedance plots shown in Figure 5.11 – 5.13 were fitted with the equivalent circuit 
shown in Figure 5.14 B. The fitting was carried out in the range 0 up to 300  (depending on 
the plot) to estimate RE, CDL and RCT. The parameters of the equivalent circuit found by 
computer simulations are shown in Tables 5.3, 5.4 and 5.5. The calculated RE values listed of 
the LiFePO4 – carbon  composites vary in the range of ~ 1.67 to 16.6  as most of the 
samples demonstrate RE < ~ 5 . For comparison, the RE resistance of carbon free LiFePO4 
was measured and found to be in the interval ~20 to ~47  depending on the LiFePO4 
synthesis temperature. The lowest RE is measured for sample prepared at 550 °C containing 
20 wt.% CB added post-synthesis, closely followed by sample prepared 650 °C containing 10 
wt.% SWCNTs added post-synthesis.  
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Table 5.3 Numerical values of the elements from equivalent circuit modelling of samples 
produced at 550 °C. The data was collected at EOCV = 3.4 V. None = no carbon added. 
Sample 
Carb. 
(wt.%) 
RE 
() 
RCT 
() 
CPEdl 
(F.s
a-1
) 
a 
CB 
pre 
5 4.72 4261.0 9.5 x 10
-6 
 0.76 
10 2.17 224.4 1.7 x 10
-5 
 0.76 
20 4.30 76.2 1.9 x 10
-5 
 0.81 
CB post 
5 4.37 244.7 6.5 x 10
-5 
 0.66 
10 4.04 120.0 1.9 x 10
-5 
 0.82 
20 1.66 259.2 2.3 x 10
-5 
 0.82 
SWCNT 
pre 
5 8.58 119.5 1.2 x 10
-4 
 0.59 
10 5.29 104.0 5.0 x 10
-5 
 0.73 
20 4.92 68.4 2.9 x 10
-5 
 0.74 
SWCNT 
post 
5 14.25 91.5 5.3 x 10
-5 
 0.73 
10 7.56 185.8 2.1 x 10
-5 
 0.74 
20 4.20 90.7 4.2 x 10
-5 
 0.74 
None 0 2.95 326.3 4.3 x 10
-6 
 0.73 
 
 
 
 
 
 
 
Table 5.4 Numerical values of the elements from equivalent circuit modelling of samples 
produced at 650 
o
C. The data was collected at EOCV = 3.4 V. None = no carbon added. 
Sample 
Carb. 
(wt.%) 
RE 
() 
RCT 
() 
CPEdl 
(F.s
a-1
) 
a 
 
CB 
pre 
5 6.48 1589.0 1.3 x 10
-5
  0.77 
10 3.69 199.2 2.8 x 10
-5
  0.78 
20 3.38 162.1 1.9 x 10
-5
  0.76 
CB post 
5 5.34 67.1 2.0 x 10
-5
  0.82 
10 1.83 40.0 2.4 x 10
-5
  0.81 
20 16.63 159.1 2.5 x 10
-5
  0.75 
SWCNT 
pre 
5 3.48 164.3 3.9 x 10
-5
  0.71 
10 3.54 32.4 6.7 x 10
-5
  0.70 
20 10.71 101.8 2.9 x 10
-5
  0.73 
SWCNT 
post 
5 7.45 130.6 3.4 x 10
-5
  0.72 
10 1.77 81.5 3.6 x 10
-5
  0.76 
20 3.05 176.9 1.2 x 10
-5
  0.78 
None 0 19.68 3119.0 9.9 x 10
-6
  0.70 
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Table 5.5 Numerical values of the elements from equivalent circuit modelling of samples 
produced at 750 °C. The data was collected at EOCV = 3.4 V. None = no carbon added. 
Sample 
Carb. 
(wt.%) 
RE 
() 
RCT 
() 
CPEdl 
(F.s
a-1
) 
a 
 
CB 
pre 
5 5.96 282.5 3.3 x 10
-5
  0.72 
10 3.68 92.4 2.5 x 10
-5
  0.82 
20 7.40 160.2 2.6 x 10
-5
  0.77 
CB post 
5 14.01 387.6 3.9 x 10
-5
  0.57 
10 8.22 190.3 1.9 x 10
-5
  0.75 
20 4.13 141.5 2.6 x 10
-5
  0.77 
SWCNT 
pre 
5 3.71 59.3 7.6 x 10
-5
  0.74 
10 3.56 239.1 7.9 x 10
-6
  0.81 
20 9.41 174.4 2.0 x 10
-5
  0.73 
SWCNT 
post 
5 4.99 222.5 1.6 x 10
-5
  0.75 
10 5.58 145.7 2.0 x 10
-5
  0.80 
20 2.42 67.7 2.0 x 10
-5
  0.83 
None 0 47.10 100204.0 1.3 x 10
-5
  0.61 
 
As expected, the highest RCT is measured for the carbon-free LiFePO4 in the range of k. 
Addition of any type of carbon drastically reduces the charge transfer resistance. Except for 
the samples synthesised at 550 °C and 650 °C premixed with 5 wt. % CB, the RCT at the 
LiFePO4/electrolyte interface for the majority was found to be in the range 150 to 300 . 
With few exceptions, samples with higher carbon content (CB of SWCNTs) demonstrate 
lower RCT values than samples with lower carbon content. It is important to note that these 
relatively high RCT values may be due to formation of a passivation layer at the lithium 
metal/electrolyte interface, which may contribute to the overall RCT values. According to Zane 
et al., the passive layer intrinsically present on the lithium foil used as an anode or formed 
when in contact with the electrolyte may contribute to overall RCT. However, the charge 
transfer resistance at the lithium/electrolyte interface should be much smaller than that at the 
electrolyte/cathode interface [37]. Therefore, ignoring the contribution to RCT at the 
anode/electrolyte interface, the large value of the total cell resistance must be ascribed to the 
slow charge transfer effects at the LiFePO4/electrolyte interface. 
With one exception, the CPEDL capacitance varies from 12 to 79 F.s
a-1
, but the majority are 
clustered around 20 to 30 F.sa-1. The lowest capacitance (7.9 F.sa-1) was calculated for the 
sample containing 10 wt. % SWCNTs mixed pre-synthesis and synthesised at 750 °C. 
However, the RCT is relatively high ~ 239. Interestingly this is the sample which 
demonstrates the highest specific capacity of 93 mAh/g at C/20 (Table 5.2), but has an 
average Li
+
 diffusion rate of 3.33 x 10 
-7
 cm
2
/s during charging (Table 5.1). Interestingly, two 
samples prepared at 650 °C demonstrate the lowest RCT values; one containing 10 wt.% CB 
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added post-synthesis (RCT ~ 40  and CPEDL of 24 F.s
a-1
) and the other containing  10 wt.% 
SWCNTs added pre-synthesis (RCT ~ 32  and a capacitance nearly three times higher 
(CPEDL of 67 F.s
a-1
). These samples also show relatively low RE values; 1.8 and 3.5, 
respectively.  
The total resistances (RT = RE + RCT) are lower than the recently reported values of 66 to 74  
by Zhao et al. of LiFePO4/carbon nanosheets for high power battery cathodes [35]. Generally, 
the decrease in the resistance to charge-transfer indicates that Li ion and electron transfer are 
more feasible at the electrode, which is beneficial to the kinetic behaviour during charge-
discharge process, thereby producing an improvement in electrochemical performance [20, 
37]. However, these samples demonstrate comparably lower specific capacity (41 and 69 
mAh/g, respectively Table 5.2) and one order of magnitude lower Li
+
 diffusion rates (1.02 x 
10
–8
 and 5.79 x 10
–8
 cm
2
/s, Table 5.1) than the one containing 10 wt.% premixed SWCNTs 
and synthesised at 750 °C. Therefore, at least for C/20 rate where the effect of charge transfer 
resistance on the specific capacity of the cell can be neglected, the capacitance at 
electrolyte/LiFePO4 interface modulates the electrochemical performance of the cell and has 
to be kept as low as possible. 
5.4.4.4 Estimation of Li Diffusion Coefficient at EOCV from Warburg Impedance 
EIS of electrodes containing intercalation compounds feature an inclined line in the low-
frequency region. This line represents the Warburg impedance (Zw), which is associated with 
lithium ions diffusion in the LiFePO4/FePO4 particles. Figures 5.15 – 5.17 show the 
relationship between Zreal and square root of frequency (√𝜔) in the low-frequency region. The 
gradients obtained by linear fitting correspond to the Warburg factor, . All samples 
containing 5 wt.% carbon (either CB or SWCNT) at any temperature demonstrate larger 
gradients than the samples containing 10 wt.% carbon and even more so samples containing 
20 wt.% carbon.  
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Figure 5.15 Warburg coefficients of samples prepared at 550 
o
C. Measured data is represented 
by the square dots. (A) CB added pre-synthesis, (B) CB added post-synthesis, (C) 
SWCNTs added pre-synthesis and (D) SWCNTs added post-synthesis. 
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Figure 5.16 Warburg coefficients of samples prepared at 650 
o
C. Measured data is represented 
by the square dots. (A) CB added pre-synthesis, (B) CB added post-synthesis, (C) 
SWCNTs added pre-synthesis and (D) SWCNTs added post-synthesis. 
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Figure 5.17 Warburg coefficients of samples prepared at 750 
o
C. Measured data is represented 
by the square dots. (A) CB added pre-synthesis, (B) CB added post-synthesis, (C) 
SWCNTs pre-synthesis and (D) SWCNTs added post-synthesis. 
By using the model proposed by Ho et al., the Li
+
 diffusion coefficient DLi could be 
calculated based on Eqn. 5.4 and 5.5 [38]. The electrode surface area was again taken as 1/3 
the BET surface area as discussion in section 5.4.2. The numerical results are summarised in 
Table 5.6. 
Table 5.6 Warburg factor and diffusion coefficient DLi at EOCV. 
Sample 
Carbon 
(wt.%) 
Warburg Factor, σ 
(Ω.s1/2) 
Diffusion Coefficient, D 
(cm
2
/s) 
550 °C 650 °C 750 °C 550 °C 650 °C 750 °C 
CB 
pre 
5 6609.8 9836.7 3637.3 6.90 x 10
-22 
 2.20 x 10
-21 
 1.11 x 10
-19 
 
10 1084.0 353.4 383.8 7.50 x 10
-20 
 7.98 x 10
-18 
 2.42 x 10
-17 
 
20 203.0 294.3 272.9 3.87 x 10
-18 
 1.04 x 10
-17 
 1.31 x 10
-16 
 
CB 
post 
5 1107.6 631.5 692.2 4.40 x 10
-20 
 8.56 x 10
-19 
 3.25 x 10
-18 
 
10 344.2 404.8 540.0 5.70 x 10
-19 
 7.70 x 10
-18 
 1.34 x 10
-17 
 
20 314.8 334.1 246.6 1.42 x 10
-18 
 1.58 x 10
-17 
 7.22 x 10
-17 
 
SWCNT 
pre 
5 237.8 335.0 364.7 5.01 x 10
-19 
 2.20 x 10
-18 
 1.19 x 10
-17 
 
10 197.9 137.4 257.6 2.02 x 10
-18 
 4.55 x 10
-17 
 5.45 x 10
-17 
 
20 67.4 120.4 146.7 3.64 x 10
-17 
 6.12 x 10
-17 
 2.61 x 10
-16 
 
SWCNT 
post 
5 295.2 752.0 682.1 6.47 x 10
-19 
 4.81 x 10
-19 
 2.56 x 10
-18 
 
10 324.6 89.9 167.4 7.07 x 10
-19 
 7.03 x 10
-17 
 1.04 x 10
-16 
 
20 40.1 127.0 67.9 7.79 x 10
-17 
 5.79 x 10
-17 
 1.69 x 10
-15 
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Calculated diffusion coefficients at open circuit voltage, show two trends; (i) for the same 
carbon type and content the increase of the synthesis temperature from 550 °C to 750 °C 
increases the diffusion rate approximately two fold, (ii) for the same temperature the increase 
of carbon content from 5 wt. % to 20 wt.% also increased the diffusion rates about two fold 
(Table 5.6). Hence, samples containing 20 wt. % carbon synthesised at 750 °C demonstrate 
the fastest diffusion rates.  Additionally, samples containing SWCNTs perform slightly better 
than the respective samples containing CB. The enhanced electrochemical performance is 
mainly attributed to a reasonable combination of the elongated tubular morphology of 
SWCNTs that facilitate both lithium ion diffusion and electron transportation at longer 
distances than more rounded CB particles. 
While the Li
+
 diffusion rates calculated from EIS spectra are different than those calculated 
from CV data, the trend is consistent. Both sets of data demonstrate an increase of Li
+
 
diffusion rates with the temperature and to some extent with carbon content (Table 5.1). 
However, it is important to note that these two sets of diffusion data are acquired under 
different conditions; CV data by cycling from 2.5 to 4.2 V whereas EIS data at constant 
voltage EOCV = 3.45 V. This may explain the significant difference in the magnitude of the 
diffusion coefficients demonstrated by samples synthesised under the same conditions. To 
investigate this hypothesis commercially available LiFePO4 powders (Phostech) were 
characterised using CV and EIS under the conditions employed here and without extra carbon 
and using 1/3 of the BET surface area. When the CV data obtained at 0.05, 0.5 and 1.0 mV/s 
the calculated Li
+
 diffusion coefficient was D = 5.3 x 10
-9
 cm
2
/s whereas the EIS data at EOCV 
gave 5.2 x 10
-18
 cm
2
/s. This is consistent with the data reported here based on CV and EIS 
measurements and suggests that the kinetics of Li
+
 during intercalation and de-intercalation is 
strongly affected by the measurement conditions.  
As discussed in Chapter 2, section 2.2.3,  at EOCV the working Li
+
 ion flow from the anode to 
the cathode to charge the cathode positively and the anode negatively, until the 
electrochemical potentials of the two electrodes are equal (A = C). The equilibrium open 
circuit voltage, EOCV is the resulting voltage difference between the two electrodes. This 
means under employed EIS conditions the Li
+
 diffusion coefficient corresponds to a pseudo-
equilibrium steady state conditions, whereas the CV data where the voltage is dynamically 
changed in the range 2.5 – 4.2 V correspond to non-equilibrium state. This may explain the 
large difference in the Li
+
 diffusion rates determined by the two methods. 
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5.5 Effect of Conductive Additive on the Electrochemical Performance of 
LiFePO4/Carbon Composites 
Based on both characterisation and electrochemical characterisation of the synthesised 
LiFePO4 and LiFePO4/Carbon composites it appears that the charge-transfer and electron and 
Li  ion charge transport reactions determine the kinetics of the electrode and of the cell and its 
performance under load conditions. The estimated charge transfer losses and mass transfer 
losses are used to propose a simple model shown in Figure 5.18, which compares the possible 
distribution of the CB and SWCNT carbon in the phosphate matrix. The model is based on 
the SEM images shown in Chapter 4 section 4.4.5 and the electrochemical measurements 
summarised in this Chapter. 
The results from CV and EIS suggested that LiFePO4/Carbon composites containing 5 wt.%  
SWCNT mixed pre-synthesis exhibited higher Li ion diffusion rate at any temperature than 
the respective LiFePO4/CB composite (Tables 5.1 and 5.6). Further, at any temperature the 
samples containing 5 wt.% SWCNT mixed pre-synthesis also demonstrated much lower 
charge-transfer resistances than the respective composites containing CB (Tables 5.3 – 5.5). 
Since both composites lose a significant and comparable proportion of carbon due to the 
interaction with decomposing sulphur containing species (Chapter 4, Table 4.1), the origin of 
the higher Li
+
 diffusion rates for LiFePO4/SWCNT composites is probably due to the long, 
tubular morphology of the SWCNT additive which allows distant particles to be connected 
electronically.   
The higher Li-ion diffusion capability outcome for LiFePO4/SWCNT composites comes from 
the one dimensional long, tubular structures that provide shorter diffusion paths as well as 
more accessible space for lithium intercalation and de-intercalation (Figure 5.18 A). The main 
pathway for LiFePO4/ CB composite is from one CB particle to another (Figure 5.18 B). The 
5 wt. % CB mixed pre-synthesis is not sufficient and creates discontinuities in the 
LiFePO4/CB composite and hence does not provide the necessary pathways for electron 
migration. The inter-particle contact resistance is the transport resistance of an electron to 
transfer from the conductive network of carbon to a particle of active material.  
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Figure 5.18 Schematic diagram of Li ion diffusion in (A) a LiFePO4/SWCNT composite, (B) a 
LiFePO4/CB composite, where carbon was added pre-synthesis. Two different 
routes for diffusion are shown; (1) surface diffusion of electrons and Li ions, (2) 
bulk diffusion of electrons and Li ions. Samples where carbon is added post-
synthesis would only have route 1 available. Dashed blue lines show possible 
diffusion paths. 
Considering samples with 5 wt. % carbons added pre-synthesis, the charge discharge curves 
shown in section 5.4.3 and the specific capacity data summarised in Table 5.2 can now be 
interpreted by considering the effect of the RCT (Tables 5.3 – 5.5) on the performance of the 
electrode.  At a low discharge rate (C/20), the effect of a large RCT can be neglected, but for 
higher discharge rate (C/5) the RCT is mainly responsible for the voltage drop, causing a 
sudden decrease in the electrochemical performance. The LiFePO4 with 5 wt. % SWCNTs 
mixed pre-synthesis and then synthesised at 750 °C demonstrates a smaller resistance to 
charge-transfer (RCT = 59 ) and good kinetic behaviour (2.9 x 10
-8
 cm
2
/s), has the highest 
specific capacity (93 mA/g and 48 mA/g at C/20 and C/5 respectively) than any other sample 
except for the one with 10 wt.% SWCNT. The latter demonstrates slightly improved specific 
capacity at C/20 (94 mA/g) and better Li-ion kinetic behaviour (3.3 x 10
-7
 cm
2
/s) but a worse 
specific capacity at C/5 (46 mA/g), probably because the charge-transfer resistance is 
significantly higher RCT = 239 . Therefore, the optimisation of cell performance involves 
optimisation of Li-ion and electron transport and the charge transfer at the 
electrode/electrolyte interface. 
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5.6 Conclusions  
Crystallized powders of LiFePO4/C composites were prepared using a novel co-precipitation 
method.  Carbon was added at one of two different stages; (1) it was mixed in pre-synthesis 
with the LiFePO4 precursors, or (2) it was mixed in post-synthesis during the electrode slurry 
preparation. This approach helped to investigate the effect that the carbon type, carbon 
content, mode of mixing (pre synthesis or post synthesis) and synthesis temperature had on 
the electrochemical performance of the active component.  
To investigate these effects, cyclic voltammetry, charge-discharge and electrochemical 
impedance spectroscopy measurements were performed. It was found that the cell discharge 
capacity, rate capacity and electronic conductivity of the electrode depended on the type of 
carbon used. The use of a 5 wt. % loading of SWCNTs as conductive additive to LiFePO4 
composites prepared at 750 °C was found to improve the electrochemical performance of 
cells compared to cells containing CB additives. The enhanced electrode performance due to 
the SWCNTs also allowed an increase in energy density while still meeting power goals. 
Therefore, synthesising the material with high crystallisation in the presence of the SWCNTs 
is an effective way to improve the cycling performance of LiFePO4 cathode composites.  
The loading of conductive carbon and the mixing procedure significantly affected the 
electrochemical performance of the prepared cells. Higher conductive carbon loadings 
generally improved the rate capacity, but reduced the energy density of the cells. The 
difference between the electrochemical performances of composites containing 10 and 20 wt. % 
carbons however, is marginal. Further optimisation of the mixing procedure is still required to 
achieve full active material utilization at high discharge rates. This aspect should be carefully 
evaluated when considering the material for practical applications. 
It is interesting that some data from the electrochemical performance of the samples do not 
follow any exact trend with to the change of carbon content, carbon addition method and 
synthesis conditions. This is a reflection of the fact that some other factors that yet to be 
identified may play a role in the electrochemical performance. Further research needs to be 
carried out in order to ascertain all other factors that affect the electrochemical performance of 
the materials. 
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Chapter 6 Conclusions and Future Work 
6.1. Conclusion 
A novel single-step co-precipitation method was developed for carbon-free LiFePO4. The 
method consists of mixing stoichiometric amounts of LiOH·H2O, FeSO4·7H2O and 
NH4H2PO4 in carbon-free aqueous environment followed by co-precipitation of mixed-phase 
precursor and high temperature treatment. The reaction conditions were optimised while 
investigating the intermediary steps. The main detectable crystal phases in the LiFePO4 
precursors are LiNH4SO4, Fe3(PO4)2·8H2O and (NH4)2Fe(SO4)2·6H2O and the mixing 
sequence has no effect on the nature of the final product. One interesting unexpected 
observation is that Fe
2+
 in the precursor undergoes oxidation to Fe
3+
 as the SO2 gas evolved 
from the reduction of SO4
2-
 ligands present in the precursor material during heating in inert 
(Ar) or reducing (Ar/H2) atmosphere. Admission of 5% H2 v/v to the Ar atmosphere in the 
temperature range 500 – 550 °C for up to 2 hours reduces the Fe3+ containing species to Fe2+ 
containing species and gives rise to phase pure LiFePO4. Once formed, LiFePO4 is stable up 
to 750 °C in an inert atmosphere. 
A series of LiFePO4/SWCNT and LiFePO4/CB composites with different carbon loadings (5, 
10 and 20 wt. %) were synthesized using the new procedure. Added carbons modulate the 
evolution of the LiFePO4 phase. During the non-isothermal heating of the precipitate in an 
inert atmosphere the evolving sulphate species reacted with the added carbon leading to the 
evolution of CO2 at temperatures above 500 °C. This observation was unexpected and leads to 
carbon depletion in the LiFePO4 product and simultaneous increase of the surface area of the 
LiFePO4/carbon composites. During isothermal heating of the precipitate in reducing 
atmosphere (Ar/H2 95/5) at 550, 650 and 750 °C for 2 h the LiFePO4 product is contaminated 
by trace amounts of other phosphorus containing phases such as; Fe2P2O7, Li3PO4 and Fe2P. 
The former two phases are detected in samples produced at 550 and 650 °C whereas the latter 
phase is observed only when the samples are synthesised at 750 °C. The formation of these 
contamination phases is explained by the synergistic reduction effect of carbon and H2. The 
formation of Fe2P phase with metallic-like conductivity may be beneficial for the 
electrochemical performance of the LiFePO4/carbon composites. 
The electrochemical impedance spectroscopy measurements were used to estimate three 
parameters related to electronic conductivity; the ohmic resistance, estimate RE, double layer 
capacitance, CDL and charge transfer resistance, RCT. The calculated RE values listed for the 
LiFePO4- carbon composites vary in the range of ~ 1.67 to 16.6  as majority of the samples 
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demonstrate RE < ~ 5 . The lowest RE is measured for sample prepared at 550 °C containing 
20 wt.% CB added post-synthesis, closely followed by sample prepared 650 °C containing 10 
wt.% SWCNTs added post-synthesis. Except for the samples synthesised at 550 °C and 650 
°C premixed with 5 wt. % CB, the RCT at the LiFePO4/electrolyte interface for the majority 
was found to be in the range 150 to 300 . With few exceptions, samples with higher carbon 
content (CB or SWCNTs) demonstrate the lower RCT values than samples with lower carbon 
content.  
It was found that for better understanding of the electrochemical performance of the cathode 
materials, the charge discharge measurements and the specific capacity data are to be 
interpreted considering the effect of the RCT and CDL and Li
+
 diffusion rate. The lowest 
capacitance (7.9 F.sa-1) was calculated for the sample containing 10 wt. % SWCNTs mixed 
pre-synthesis and synthesised at 750 °C. However, the RCT is relatively high ~ 239 . 
Nevertheless, this sample demonstrates the highest specific capacity of 93 mAh/g at C/20 but 
has an average Li
+
 diffusion rate of 3.33 x 10 
-7
 cm
2
/s during charging. The samples prepared 
at 650 °C demonstrate the lowest RCT values; one containing 10 wt.% CB added post-
synthesis (RCT ~ 40  and CPEDL of 24 F.s
a-1
)
 
and the other containing 10 wt.% SWCNTs 
added pre-synthesis with RCT ~ 32  and a capacitance nearly three times higher (CPEDL of 
67 F.sa-1). However, these samples demonstrate comparably lower specific capacity (41 and 
69 mAh/g, respectively) and one order of magnitude lower Li
+
 diffusion rates (1.02 x 10
–8
 and 
5.79 x 10
–8
 cm
2
/s) than the one containing 10 wt.% premixed SWCNTs and synthesised at 
750 °C.  
At a low discharge rate (C/20), the effect of a large RCT can be neglected, but for higher 
discharge rate (C/5) the RCT is mainly responsible for the voltage drop, causing a sudden 
decrease in the electrochemical performance. Also, the capacitance at electrolyte/LiFePO4 
interface modulates the electrochemical performance of the battery and has to be kept as low 
as possible which is beneficial to the kinetic behaviour during charge-discharge process, 
thereby producing an improvement in electrochemical performance. 
The electrochemical performance of LiFePO4-SWCNT composites indicates that there could 
be a new approach to improve the electrochemical performance of LiFePO4 or other similar 
materials. Comparing with the strategies highlighted in Chapter 2, the approach developed in 
this research is relatively straightforward. LiFePO4 precursors can be prepared via simple 
mixing steps of aqueous solutions and the LiFePO4 compounds can be synthesized via one 
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step sintering. SWCNT is highly conductive as it has low ID/IG ratio and electrochemical 
performant can be detected from LiFePO4-SWCNT compounds with SWCNT contents as low 
as of 5%.wt. Therefore, with further research, a LiFePO4 base cathode material comprising a 
minimum amount of additional conductive phase can be developed via a simple synthesis 
method. This can reduce the synthesis time and increase the energy density by increasing the 
utility of the additional conductive phase. 
6.2. Future Work 
The loading of conductive carbon and the mixing procedure significantly affected the 
electrochemical performance of the as prepared batteries. Higher conductive carbon loadings 
generally improved the rate capacity, but reduced the energy density of the cells. The 
difference between the electrochemical performances of composites containing 10 and 20 wt. 
% carbons however, is marginal. Further optimisation of the mixing procedure is still required 
to achieve full active material utilization at high discharge rates. This aspect should be 
carefully evaluated when considering the material for practical applications. 
The EIS measurements were carried out at EOCV the Li
+
 ion flow from the anode to the 
cathode to charge the cathode positively and the anode negatively, until the electrochemical 
potentials of the two electrodes are equal (A = C). This means under employed EIS 
conditions the Li
+
 diffusion coefficient corresponds to a pseudo-equilibrium steady state 
conditions, whereas the CV data where the voltage is dynamically changed in the range 2.5 – 
4.2 V correspond to non-equilibrium state. It is therefore important to conduct similar Li 
diffusion measurements when the cell is fully charged, fully discharged and partially 
discharged, i.e.  LixFePO4 where x = 0, 0.25, 0.75 and 1. This will provide a more complete 
characterisation of the LiFePO4/carbon composites. 
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Figure A 1: Gas-IR analysis of volatile, IR active species with the temperature. Two 
representative IR spectra of the species evolved in the range 300 – 500 °C and 600 – 
850 °C, respectively. (A) Sample containing 10 wt. % SWCNT, (B) Sample 
containing 10 wt.% CB. 
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Figure A 2: Gas-IR analysis of volatile, IR active species with the temperature. Two 
representative IR spectra of the species evolved in the range 300 – 500 °C and 600 – 
850 °C, respectively. (A) Sample containing 20 wt. % SWCNT, (B) Sample 
containing 20 wt.% CB. 
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Figure A 3: Gas evolution profile of sample containing 10 wt.% SWCNT. (A) Nitrogen 
containing species, (B) Sulphur containing species and (C) Carbon containing 
species. 
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Figure A 4: Gas evolution profile of sample containing 20 wt.% SWCNT. (A) Nitrogen 
containing species, (B) Sulphur containing species and (C) Carbon containing 
species. 
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Figure A 5: The relation between the intensity and temperature of A) N-H deformation 
vibration band at 964.29 cm
-1
 B) S-O stretch vibration band at 1345.82 cm
-1
 and C) 
CO2 asymmetry stretch  vibration band at 2344.18 cm
-1
 from the TGA – DSC gas 
FTIR analysis of LiFePO4 precursor with 10% w/w CB. 
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Figure A 6: The relation between the intensity and temperature of A) N-H deformation 
vibration band at 964.29 cm
-1
 B) S-O stretch vibration band at 1345.82 cm
-1
 and C) 
CO2 asymmetry stretch  vibration band at 2344.18 cm
-1
 from the TGA – DSC gas 
FTIR analysis of LiFePO4 precursor with 20% w/w CB. 
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Figure A 7: The SE image of LiFePO4 synthesized at 650 °C 2h 
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Figure A 8: SE images of LiFePO4-SWCNT composites synthesised at 650 °C with A) 5 wt.% B) 
10 wt.% and C) 20 wt.% 
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Figure A 9: SE images of LiFePO4-CB composites synthesised at 650 °C with A) 5 wt.% B) 10 
wt.% and C) 20 wt.% 
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Figure A 10: CV profiles of samples prepared at 550 
o
C for 2h using a scan rate of 0.5 mV/s 
from 2.5 V to 4.2 V containing; (A) and (B) CB and (C) and (D) SWCNTs. Three 
different carbon loadings were added either pre- or post-synthesis. 
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Figure A 11: CV profiles of samples prepared at 650 
o
C for 2h using a scan rate of 0.5 mV/s 
from 2.5 V to 4.2 V containing; (A) and (B) CB and (C) and (D) SWCNTs. Three 
different carbon loadings were added either pre- or post-synthesis. 
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Figure A 12: CV profiles of samples prepared at 750 
o
C for 2h using a scan rate of 0.5 mV/s 
from 2.5 V to 4.2 V containing; (A) and (B) CB and (C) and (D) SWCNTs. Three 
different carbon loadings were added either pre- or post-synthesis. 
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Figure A 13: CV profiles of samples prepared at 550 
o
C for 2h using a scan rate of 1.0 mV/s 
from 2.5 V to 4.2 V containing; (A) and (B) CB and (C) and (D) SWCNTs. Three 
different carbon loadings were added either pre- or post-synthesis. 
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Figure A 14: CV profiles of samples prepared at 650 oC for 2h using a scan rate of 1.0 mV/s from 2.5 V 
to 4.2 V containing; (A) and (B) CB and (C) and (D) SWCNTs. Three different carbon 
loadings were added either pre- or post-synthesis. 
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Figure A 15: CV profiles of samples prepared at 750 oC for 2h using a scan rate of 1.0 mV/s from 2.5 V 
to 4.2 V containing; (A) and (B) CB and (C) and (D) SWCNTs. Three different carbon 
loadings were added either pre- or post-synthesis. 
 
